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SIMPLIFIED ANALYSIS OF SKEWED REINFORCED 
CONCRETE FRAMES AND ARCHES 


By RICHARD M. Hopcgs,! M. Am. Soc. C. E. 


SyNopsIs 


The principal purpose of this paper is to present a simplified general method 
of analysis for solid-barreled skewed reinforced concrete rigid frames and arches 
which can be understood readily by capable designers who know something 
about the theory of elasticity, without necessarily having made a special study 
of the subject of skewed arches. All unnecessarily complicated terms and 
expressions have been avoided, particularly those resulting from the solution 
in general terms of simple simultaneous equations which can be handled more 
easily by the direct substitution of numerical quantities. 

The method presented is based on the assumption ordinarily made in the 
analysis of rigid frame bridges on earth foundations—that virtual hinges exist 
along the z-axes at the bottoms of the footings, due to the compressibility of the 
soil. Methods previously presented also have been based on the additional 
assumption that complete fixity against rotation exists about the other two 
axes. In view of the evident inconsistency of these two assumptions, the 
probability of slight rotations about the z-axes and the y-axes has been taken 
into account also. It will be found that the necessary adjustments can be made 
with very little difficulty on account of the simplification effected in the general 
analytical process. 

A practical application is made to the design of a grade separation access 
structure of small span but heavy skew, constructed by the Westchester 
(N. Y.) Cross Country Parkway Authority in 1942, which is typical of the kind 
of structure with which this paper is mainly concerned. Suggestions are given 
which, it is hoped, will be helpful in the matter of procedure to those not familiar 

with the subject. j 


Norz.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by October 1, 1943. 
1 Ciy. Engr., Tunnel Design, New York City Tunnel Authority, New York, N. Y. 
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In the Appendix, the original four simultaneous equations for determining’ 
the redundant reaction components of a skewed arch according to the method 
of analysis first published? in 1931 by Arthur G. Hayden, M. Am. Soe. C. E., 
are given, and certain deductions are made as an additional confirmation of the . 
fundamental relationship on which this paper is based. It will be found un- 
necessary to make further reference, in this connection, to Mr. Hayden’s 
equations—the simplified method, as here presented, is complete in itself. 

The term “frame,” or “rigid frame,” as used in this paper, is defined to 
include structures of the full-centered arch type, such as are sometimes used in 
the form of elliptical arches for grade crossing eliminations. 


INTRODUCTION 


Following the general adoption of rigid frame bridges along the parkways of 
Westchester County and Long Island, New York, there has been a rapid in- 
crease in the construction of this type of bridge, due, in a large measure, to 
the particular suitability of solid-barreled frames for grade separations. In 
general, grade separations are seldom at right angles. It is probably an under- 
statement to say that at least 25% of the frames used for grade separation 
work either are, or should be, skewed to an extent sufficient to affect the design. 
Such bridges are normally small and inexpensive. It should be made possible 
for any ordinary highway bridge design force, or small design organization, 
to handle them correctly, confidently, and with a reasonable amount of speed 
and economy. It should never be necessary, under any conditions, to resort 
to a bridge of less suitable type, or to juggle the alinement in order to dodge 
the problem. 

It is unfortunate, therefore, that so little has been done to simplify the 
available methods of analysis, and to make them accessible, in effect, to the 
average designer. During the six or seven years immediately following the 
presentation, in 1924, by J. Charles Rathbun, M. Am. Soc. C. K., of a paper 
giving, for the first time, a rational basis for the design of skewed arches and 
frames, several variations and modifications were proposed, all leading by 
more or less devious channels to identical results (except the distribution of the 
internal stresses), and all being open, in a greater or less degree, to the same 
objection. They are all tedious and complicated, and difficult to apply without 
an unreasonable amount of time and labor. 

The method published by Mr. Hayden is perhaps the easiest, or rather the 
‘least difficult, for the average designer. In the method referred to, Professor 

Rathbun’s theory, as applied to the determination of the external forces, 
was adapted by the writer, under Mr. Hayden’s direction, to the design methods 
used for rectangular two-hinged rigid frame bridges in the Design Department, 
Westchester Oounty Park Commission, the internal stress distribution being 


2“The Rigid-Frame Bridge,” by A. G. Hayden, John Wiley & Sons, Inc., 1940, 2d Ed., pp. 148-149. 


3 “Analysis of the Stre in the Ri "Or i 
Am: Sco Ee eee ina ira g Coneegte Skew Arch,” by J. Charles Rathbun, Transactions, 
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handled (in the later edition) in very much the same way as was proposed . 
originally by Professor Rathbun. The process has been simplified in this paper 
to such extent that more than one half of the work formerly involved in a 
complete analysis and design has been eliminated. 


is 
DERIVATION oF Metuop For DrterMINING REACTIONS 


General Basis of Derivation—The redundant reaction components H acting 
at the supports of a two-hinged rectangular rigid frame are so nearly identical 
with the corresponding redundant reaction components R, acting at the sup- 
ports of a two-hinged skewed rigid frame of the same right span that, for 
purposes of practical design, the difference is negligible. This fact has been 
attested by comparative analyses, regardless of skew, span, or deck curvature. 
It was verified by comparative analyses of flat-topped and elliptical frames, 
made under the writer’s supervision in 1932, for skews up to 60°, and has been 
further confirmed as one of the results of a study,’ by Ernest J. Clark (Super- 
vising Designer for W. Earle Andrews, Consulting Engineer, New York, N. Y.), 
of a skewed frame of comparatively long span, using entirely different methods. 

The identity referred to has been applied for years as an approximate 
method of analysis,® under variously defined limitations, but its implications 
have not been thoroughly understood. It can be derived mathematically for 
flat-topped frames, and- can be demonstrated as applicable to any type of 
frame by making an assumption (see Appendix), the practical validity of which, 
for cases of unrestricted deck curvature, it has been necessary to establish by 
trial. No comparative analyses have been made, to the writer’s knowledge, of 
arches of the segmental type, and it is not certain, in the absence of such 
supporting evidence, that the simplified method is valid in such cases. Skewed 
segmental arches, however, are rather too scarce, in general, to be of much 
importance in this connection, since, when used, they are usually sufficiently 
large and expensive to justify more extended methods of analysis. 

The general applicability of the foregoing relationship to all kinds of frames 
is of fundamental importance in any real simplification of skewed frame analy- 
sis. The reaction components H and their static equilibrants e H (see Fig. 1) 

which thus have been found to be independent of the torsional elastic deforma- 
tions in the structure, are of much more importance to the design than any of 

‘the remaining redundant quantities, and the advantages to be gained by con- 
sidering them independently are obvious. 

It will be noted that the equilibrants e H are the principal parts of the total 
reaction components R;. The remaining parts of Rz, which have been desig- 
nated as R’,, together with the reaction components M, and M,, constitute an — 
independent group, all of which are functions of the torsional elastic deforma- 
tions, and no one of which is of much more (or less) importance in its effect on 
the design than either of the others. The reaction component My 1 at the left 
support is equal to the reaction component Myr at the right support for all 
cases of symmetrical loading, and both can be obtained by statics as soon as 


4 Thesis presented in 1942 to the Polytechnic Inst. of Brooklyn. (New York), in partial fulfilment of the 
requirements for the degree of Master of Science in Civil Engineering. 3 

5 ‘Approximate Design Method for Concrete Skew Rigid Frames,” by Edward F. Gifford, Engineering 
News-Record, May 3, 1934. 
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ice has been found. Therefore, the determination of the remaining redundant 
reaction components requires the solution of only two simultaneous equations 
with simple corrections for unsymmetrical loading. Separate solutions for the 
two independent groups of redundant quantities acting on a skewed frame not 
_ only shorten the calculations but also (which is more important) reduce the 
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‘probability of serious error. It may be added that the extreme precision 
required for the solution of four simultaneous equations, each involving quanti- 
ties belonging to two separate elastic systems, is no longer necessary. 
Although this paper is not primarily concerned with the problem of in- 
ternal stress distribution, the design method originally proposed by Professor 
Rathbun has been adopted, in the form presented by Mr. Hayden, and has been 
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simplified further. The method presented by Bernard L. Weiner,® M. Am. Soc. 
C. E., was a valuable contribution to the theory of the subject, but the writer, 
as well as other designers, has used the very much simpler Rathbun method for 
many years with satisfactory results. 

Details of Derivation.—All of the forces acting on the structure, as well as 
all of the internal stress components which need to be considered in any ordi- 
nary practical problem, are shown in Figs. 1 and 2. Unbalanced earth pressure 
is so seldom used in practical design that it has not been included. 

The redundant reaction components to be determined directly are those 
acting at the point of origin at the right support. The complete solution for 
any loading condition is made in two steps: 


1. The first step requires very little explanation. It consists of the de- 
termination of the horizontal reactions H for an ordinary two-hinged rectangu- 


lar rigid frame (designated as the ‘“‘corresponding rectangular frame’’), which 


is outlined in longitudinal section by projecting the skewed frame under con- 
sideration on a vertical plane perpendicular to the abutments, or parallel to the 
zy-plane. The same reactions apply to the skewed frame, without any change 
except that the H for temperature change must be multiplied by (1 + &’). 

2. The second step consists of setting up and solving the equations for the 
redundant reaction components R’,, M,, and Mya, using, as the base structure, 
the skewed frame in equilibrium with the reaction components H and e H in- 


oe 


cluded. Except for the number of redundants involved, the type of base 


structure used, and the fact that only one elastic system is used instead of two, 
the method is very similar to that originally used in deriving the equations 
given in the Appendix. 


In setting up the equations,.the internal stresses acting at any point P 
(Fig. 1) are represented as a system of external moment and force components 
exerted by the portion of the structure to the left of P on the part of the struc- 


ture to the right. The applied loading and the reaction components acting on > 


the base structure are shown in Figs. 1 and 2 as applied, of course, in their 


known directions. The unknown redundant reaction components, and also 


the components representing the unknown internal stresses, are shown applied 
in their assumed positive directions. The convention used for indicating 
moment directions is indicated in Fig. 1, the subscript representing, in each 
case, the axis about which rotation tends to occur. 

The equations state the customary assumption that each of the redundant 
reaction components will prevent displacement or rotation in its particular 
direction. Since this assumption is open to question under ordinary soil 
conditions (see Fig. 6, under ‘Application of the Method to a Practical Ex- 


ample”), additional equations are set up and solved to find the effect on the 


a 


design if free rotation is allowed about the z-axes, or about both the z-axes and — 


the y-axes. The structure can be reinforced, at very small extra expense, to 
meet all of these assumed conditions of rotation or fixity. 


SS CTR a a ae a ee ot 
vi 5 ae ies ime aers Concrete Skew Arch,” by Bernard L, Weiner, Transactions, Am. Soc. C. E., 
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Geometrical Relations and Definitions —The geometrical relations involved 
are indicated in Fig. 1. The coordinate axes, applied loads, reaction com- 
ponents, and the components representing the internal stresses at any point P 
are all applied in directions parallel with, or perpendicular to, a vertical plane 
perpendicular to the abutments. The profiles shown in Figs. 1 and 2 are 
projections of the skewed frame on such a vertical plane. The point P is 
taken on the neutral axis at the center of any subdivision s, the coordinates of 
which are a, y, and z. The components representing the internal stresses at 
P are assumed to act along the directions of the u, v, and z-axes passing through 
point P. These directions (except the direction of z) are variable. The angle ¢ 
is the angle of slope of the neutral axis (or of the v-axis) at P; it can be repre- 
sented conveniently as shown. The quantity u is shown to be the component 
parallel to the u-axis of the distance between point P and the origin. It can- 
not be emphasized too strongly that a complete understanding of the basic 
relations shown in Fig. 1 will remove the principal source of difficulty in skewed 
arch or frame analysis. 

The following definitions are supplementary to the information shown in 
Figs. 1 and 2: 


¢ = coefficient of linear expansion for concrete and reinforcing steel; 
t° = temperature rise or fall, in degrees Fahrenheit; 
w = equivalent fluid pressure of earth, in pounds per square foot per foot 
of depth; 
M, = simple span moment on the corresponding rectangular frame, for 
vertical loading; 
Modulus of elasticity for concrete under axial stress _ E 


ll 


ee Modulus of elasticity for concrete in shear mayen, 
F = factor of torsion (a quantity corresponding to the moment of inertia 
: ; bt3 
I where ordinary flexure is concerned) = 353° 


Basic Equations.—The basic equations are developed under the assumption 
that no rotation can occur at the footings, except about the z-axes, and that 
no movement of translation can occur in any direction. ‘There are five reac- 
tion components at each footing, therefore; at the right-hand footing they are 
Rz, Ryr, Rz, Mz, and Myr. The components R, and Ryr are known, as well 
as eR,, which is a part of the total component R,. The redundant reaction 
components to be considered are therefore R’,, Mz, and Myr. The deflections 
at the right support along the lines of action of the redundants, due to all of the 
forces acting, are assumed, in each case, to be equal to zero. The usual assump- 
tion is made that the effects of all thrusts and shears can be neglected in con- 
sidering deflections. It is only necessary, therefore, to consider the deflections 
due to the torsional moments about the v-axis, at point P. 

Let: 


M, = moment at P about the v-axis, due to all the forces acting; 
Mv(z) = moment at P about the v-axis, due to unit force acting along and in 
the direction of R’,; 
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My(oz) = moment at P about the v-axis, due to unit couple acting along and 
in the direction of M,; and f 

My(oy) = moment at P about the v-axis, due to unit couple acting along 
and in the direction of My. 


Summing up for all points P, the three deflection equations are: 


8a My me s My Moz) _ a My Moov) = 
Glue = O(a), ED Dierren, ope AVEO and ee F 0 (1c) 


The fundamental expression for, M, (for vertical loading), in terms of all of 
the external forces acting on the structure, can be written from a careful in- 
spection of Fig. 1, as follows: 


M, = R,exsing — R,u+ M,cos¢ — My,rsing 
+ Ryrexcosd — We (x — x’) cos 
= R,exsing — R,u+ M,cos¢ — Myrsingd + Moecos¢..... (2) 


Also, by inspection: 


1s (2) TU ao a Maw, oi si elicits 1s |e silo) sueuene tone veer 
Mertoc) = COS Pia. Me eee caer te te eee (3b) 

and 
Mixloy) =o SIN is IN ee (3c) 


Substituting Eqs. 2 and 3 in Eqs. 1, making R, = H, and noting that the 


sin ¢ cos ¢ y sin @ cos 
ape ah a OTS 


summation terms Dae are each equal to zero, by 


symmetry, Eqs. 1 for vertical loading can be written, in preliminary form, as 
follows: 


RE - M.S + My De 


a a sg PS Ries) (4a) 
RY, Hee yg, OEE § «(Meet d _ yp vets) gy 
and 
n2 in2 i 
Rie ES + My = eee e oes ee (4c) 


The expression for M, in Kq. 2 and the resulting Eqs. 4 can be adjusted to 
include balanced earth pressure and temperature loading, as follows: 

It should be noted that the simple span moment, or M,, as used in the equa- 
tions for vertical loading, has no direct component in the direction of M). 
It is simply a convenient abbreviation of the terms Ryr x — W (x — x’), which 
happen to enter into the expression for M, as [Ryr 2 — W (x — x’) ]€cos ¢. 
No such expedient is possible in the cases of earth pressure and temperature _ 
loading. For balanced earth-pressure loading, the corresponding terms may be 


; w h2 h 
written: (2 | (v-*)— ay, which equals (28 = a) . 
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. . 3 
As far as its effect on M, is concerned, we can be omitted (see Fig. 2), and the 


w h? : 
moment (22 —H ) y, like the moment M,, has no direct M, component. 


h2 
The force ae —H ye however, cannot be neglected. For balanced earth 
pressure, therefore, the M,-terms are to be omitted both from the expres- 
sion for M, and from the equations, and H is to be replaced throughout by 


*): 


For temperature rise, replace H throughout by H (1 + &), which corre- 
sponds to R, in this case (see the Appendix). Omit the M,-terms in the ex- 
pression for M, and in Eqs. 4b and 4c, and replace the M,-term in Eq. 4a by the 


quantity am La The latter substitution simply represents the substitution 


of the direct temperature displacement in the direction of R’, in place of the 
elastic displacement due to the applied loading. There is no corresponding 
direct temperature displacement in the direction of M, or of Myr. 

The preliminary equations can be simplified also in the following manner: 


in2 
In Eqs. 4a and 4c, eee ® =4 a 


, Since the values of z entering 


_ the first summation can be taken in pairs, each pair being equal to ee For any 


2 
kind of symmetrical loading, the M,-term in Eq. 4c is equal to zero. Eq. 4c 


2 L 
reduces to the simple expression Myr = My, = — 3 R’,, and there are only 


two simultaneous equations left to be solved for R’, and M,. For symmetrical 
loading, R’, and M, at the right support are respectively equal to R’, and M, 
at the right support. Similarly, M,rz = My,z for symmetrical loading. For 


L } ; 
unsymmetrical vertical loading (Eq. 4c), Myr = — a5 + C, in which C 
. M,singcos¢ , sin? ; 
represents the quantity > ie nr aes > ere By statics, Myr 
L 
+ Myr, = — R’, L, and therefore My, = — Ra 5 — C. 


Now assume the unsymmetrical loading balanced by adding equal loading 
placed symmetrically with respect to the original unsymmetrical loading. 


pone og Reds 
Evidently Myr (or Myx) for the balanced loading is equal to — R’, 5 for the 


unsymmetrical loading, which leads directly to Eqs. 5d. The redundants R’, 
and M, for unsymmetrical loading are each equal to one half, respectively, of 
the corresponding quantities for balanced loading. It is possible, therefore, 
to make the two simultaneous equations apply, not only to symmetrical load- 
ing, but also to unsymmetrical loading, by balancing, solving, and making the 
corrections noted. 

Performing the substitutions and simplifications indicated, Eqs. 4 reduce 
to the following final equations for R’, and M, and formulas for Myr and My: 


“oe 
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For vertical loads, 
w.(o¥-% ot) -m rte 
ve ( yy ene e aD seg.) eC aes 


for balanced earth pressure, 


(5a) 
w h? uy cos d 
- = (22 SME 
and, for temperature, 
ae Ect? L _ ‘ i 
= «( a HOLES re ae ae fe SE 
Also, for vertical loads, 
hs u COS cos? m@ _ M, cos? ¢ af y cos? d ) 
ase pee iO cor at OD 
for balanced earth pressure, 
w I y cos? d (5b) — 
and, for temperature, 
y cos’ 
For symmetrical loading, 
L 
Myr = My, = — Re5 (Shas Si a RE eee a eee (5c) 
and, for unsymmetrical vertical loading, 
M ‘\ 
Myr = + a seen and My. = + a (0. Ne ae (5d) 


in which M, is equal to either Myr or Myz for balanced vertical loading, and 


te) De As Baya 


using the values of M, for unsymmetrical vertical loading. Also R’, and M, 
for unsymmetrical loading are equal to one half, respectively, of R’, and M ba 
previously noted, for balanced vertical loading. 


The solution of Eqs. 5 completes the analysis of the external forces acting 
on the frame for the basic assumption of complete fixity at the footings, except 
about the z-axes. (A correction, which is considered subsequently, will be © 
necessary in analyzing the effect on the footings of the component M, for earth 
pressure loading.) 

The corresponding general expression for M,, expressed by Eq. 2, must be © 
adjusted similarly for the various loading conditions, as follows: For vertical 
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loading, R, = H; for balanced earth pressure, R; = oe — H; and, for tem- 
perature rise, R; = (1 + &) H. The simple span moment M, is to be omitted 
for all loading conditions except vertical loading. 

Equations for Rotations at Footings —The customary assumption that the 
footings are fixed rigidly at the footings against rotations about the z-axes and 
y-axes (especially the z-axes) seems to be unwarranted under ordinary soil con- 
ditions and for bridges of the type here considered. The degree of rotation 
necessary to overcome a condition of complete fixity in any direction is so 
small that even elaborate and expensive provisions for insuring fixity cannot 
be relied upon with any degree of certainty. The soil pressure distribution 
about the x-axes (see Fig. 6 under “Application of the Method to a Practical 
Example’’) is such that variable settlement and resulting rotation are to be 
expected. Theoretically, uniform pressure can be obtained by splaying the 
footings; but, aside from the fact that temperature effects (which are very 
important for heavy skews) are reversible, this is objectionable from a practical 
standpoint. On the other hand, any assumption of unrestricted rotation is also 
questionable unless special measures are taken to separate the frame and 
approach wall footings. Since the analysis can be made easily for both of these 
assumptions, there can be no reason for basing the design exclusively on either 
one of them. Therefore, in addition to the equations previously derived for 
the basic assumption, hereinafter called Assumption 1, equations will be derived 
for Assumption 2—free rotation about the z-axes; and for Assumption 3—free 
rotation about both the z-axes and y-axes. 

Assumption 2.—Assuming free rotation about the z-axes, Eq. 56 is omitted 
and the M,-term in Eq. 5a becomes zero, for obvious reasons. The right-hand 
terms of Eq. 5a remain as before, except that, for balanced earth-pressure 


3 
loading, there is an additional term oe >»: ue - (An explanation of this 


is given subsequently under “‘Earth-Pressure Loading.Considerations.”) The 
M, formulas and corrections remain unchanged. 

In the expression for M, (Eq. 2) omit the M,-term for all loading conditions, 

; hs 

and, for balanced earth-pressure loading, add the term “5 008 ¢ (see ‘‘Karth- 
Pressure Loading Considerations’). 

Assumption 3.—Assuming free rotation about both the z-axes and the 
y-axes, it is only necessary to solve Eq. 5a, which is exactly the same as for the 
previous assumption of rotation, about the z-axes, except that the coefficient 


2 ‘ : 
for R’, becomes simply bs, 7 - In the expression for M, (Eq. 2), omit both 


the M,-term and the M,,-term, and make the same addition as before for 
balanced earth-pressure loading. 

Earth-Pressure Loading Considerations —The effect of earth-pressure load- 
ing on the torsional and transverse shearing forces is much greater, in general, 
than that of dead loading or any of the other loadings to which a skewed frame 
is subjected. It is more difficult, in many ways, to analyze, and is based on 
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questionable assumptions. It deserves more attention, therefore, than it 
usually gets. : ants 

Fig. 2 represents the forces acting, and the transformations used in analysis. 
It should be noted that the figure shows only the external forces acting on the 
base structure; the redundant reaction components and the stress components 
at P are applied as shown in Fig. 1. 

2 

The forces ne shown acting at the elevation of the resultant total earth 
pressures are the most that can be taken above the footings, assuming a coeffi- 
cient of friction of earth on concrete (or mortar waterproofing protection) of 


2 2 

0.5. The remainder, or ¢ (a2) — ve - 
case, directly against the footing. The customary assumption in practice has 
been that the entire equilibrating force is applied at the elevation of the 
center of earth pressure, which can be true only when e is less than 0.5, or when” 
the skew angle is less than about 26° 30’. Admitting the many uncertainties 
affecting the action of earth pressures in general, and especially in this particu- 
lar case, it is believed that the distribution here proposed is more reasonable. 

The transformation of lateral forces, as shown on the end elevation in Fig. 2, 
fails to take into account the effects of the forces on the vertical legs of the 
frame, but, since these effects are negligible, it makes no difference. The 
w hs 
Mis 
are assumed fixed against rotation in the direction of M,, or counteracted across 
the frame, if the footings are assumed free to rotate. In the first case, these 
couples can be disregarded, except in so far as they reduce the reaction com- 
ponents M,; in the second case, they must be taken into account in the equa- 
w hs 
ea FS 
the right end, is in the same direction as M, for vertical loading, and therefore - 
its M, component can be obtained by substitution. The necessary corrections 
have been made accordingly in the equations and expressions for M, as noted 
previously in the last two paragraphs under the heading “‘Equations for Rota- 
tions at Footings.” 


w hs 
The couples e738 shown on the profile, Fig. 2, are taken into account, in 


is assumed to be applied, in each 


couples are either directly counterbalanced at each footing, if the footings 


tions and in the expressions for M,. It will be seen that the moment , at 


effect, in the analysis of the corresponding rectangular frame, but (since thou 
have no M, components) can be disregarded. here. 


DESIGN 


Preliminary.—Having determined all of the redundant reaction components 
acting on the structure for the assumed conditions at the footings, the remain- 
ing problem, of course, is the determination of the effect of all forces acting — 
on the structure, and the proportioning of the structure to withstand them 
with safety and economy. The stress at any section (point P) of the frame is 
represented by the moment and force components M,, T,, My, and T,, as 
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Temperature Factor 
=(1+€7) =Sec? @ 
(Parts 2 and 3) 


Center Line of Corresponding | 


Rectangular Frame 


SKEWED RIGID FRAMES 647 


CASE 2. ANGLE &@>ANGLE V 


In Either Case; 
M,=M,z Sec V, and T; = Ty Sec V 
(as Used in Part 2), and 
Mry= Mz Tan V-M,, and Typ= Ty Tan V—T, 
(as Used in Part 3) 


Center Line of Span 


Yi ITT I 
Geanaae 


Er 


TRAFFIC LANE FACTOR, COS 8 


DESIGN STRIP FACTOR, SEC 0 
(Parts 2 and 3) 


(Part 2) 


Fig. 4.—Skpw CoRRECTIONS 


- 
i 
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indicated in Fig. 1. ‘The moment and thrust M, and T, are obtained from the 
analysis of the corresponding rectangular frame, which needs no explanation; 
M, has already been considered (see Eq. 2) and T, is equal to R, in every case. 

Transformation of Forces——The moment and force components referred to 
under the heading ‘Design: Preliminary” represent components of the internal 
stresses at the point P, acting in directions parallel with and perpendicular to 
the abutments. The next step will be to resolve or transform them into com- 
ponents acting in the directions most convenient for practical design; that is, 
parallel to the skewed direction of the bridge and parallel to its abutments. 
These transformations, the formulas for which are given in Fig. 3, result in a 
direct moment My, and an axial thrust 7’; acting in the longitudinal direction, 
and in a torsional moment M7 and a shear 7’ acting in the transverse direction. 

Design for Longitudinal Forces —The design for the longitudinal moments 
and thrusts controls the proportioning of the structure, as well as the longitu- 
dinal reinforcement, but, since it consists of the same methods as are used 
generally for rectangular frames, it will not be considered here, except to note 
the necessary skew corrections, as indicated in Fig. 4. The procedure to be 
followed in applying the corrections is thoroughly explained and illustrated 
under the heading ‘‘Application of the Method to a Practical Example.” 

Design for Transverse Forces—The design for the transverse torsional 
moments and shears determines the transverse reinforcement required in the 
structure as previously proportioned from the design for the longitudinal forces. 
As previously stated, the method used is fundamentally the same as that 
originally proposed by Professor Rathbun. The writer could do no better 
than to restate briefly, for the reader’s convenience, a detailed outline of the 
process as presented by Mr. Hayden, with certain modifications. 

The direct transverse shear 7'r is assumed to be distributed parabolically 
across the width of the frame, in the same way as vertical shear is distributed 
along the depth of an ordinary beam. The maximum intensity at any section 
is constant throughout the depth, and, at the center line of the frame, amounté 
to three halves of the average unit shear. 

The maximum intensity of the torsional shear at any section is given by. 
Merriman’s formula for elongated rectangular shafts (see Formula I, Table 11, 
presented subsequently). This maximum unit stress, which also exists at the 
center line of the frame, is exerted in opposite directions at the extrados and 
at the intrados, with a constant variation throughout the depth of the seta 
and zero stress at the center, as shown in Table 11. 

The shearing capacity of concrete (assumed in the example as 60 Ib per 
sq. in.) can be deducted from the combination of the total net shears acting 
across the center line of the frame at the point considered, and the transverse 
reinforcing steel is designed to take care of the remainder by a method an- 
alogous to that followed in the design of vertical stirrups for a concrete beam | 
whose depth is equal to the skew width of the bridge, and whose width is the | 
depth of the section. 

Fig. 1 indicates the positive directions of M, and T, at any point P. When-_ 
ever M, and T;, are found to be of the same sign, they work together to ‘cause » 
shearing stress at the extrados and against each other to cause shearing stress | 


FL eae 
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at the intrados; and conversely, when they are found to be of different sign, 


they combine to cause shearing stress at the intrados and work against each 
other to cause shearing stress at the extrados. Since Mr and 7’r are positive 
in the same directions as M, and T., respectively, the same effects hold true 
for the transformed moments and forces M7 and 77. This leads to the follow- 


ing rules for combining the unit torsional shears v; and unit direct shears 


v, for maximum effects: 


(1) When ; and », are of the same sign, add to obtain the resultant shear at 
the extrados and subtract to obtain the resultant shear at the intrados. 

(2) When » and », are of different sign, add (regardless of sign) to obtain 
the resultant shear at the intrados and subtract (regardless of sign) to obtain 
the resultant shear at the extrados. 


Since the differences between the resulting shears at the intrados and at the 
extrados are proportionately small, except where the amount of transverse 
reinforcement is negligible, it is only necessary, in practice, to design for an 
equal amount of steel in both locations, based, in both cases, on the arithmetical 
sum of v; and v,. The areas of transverse steel reinforcement required at the 
various subdivision points are calculated by a semigraphical process which 
can be understood readily by referring to Table 11 (under the heading ‘‘Ap- 
plication of the Method to a Practical Example’’). The calculations have been 
shortened by representing v, in a diagonal instead of in a vertical position, and 
by deducting, for the shearing resistance of concrete, an amount varying uni- 
formly from zero at the neutral axis of the section to the full allowable value 
at the top and bottom. 


APPLICATION OF THE METHOD TO A PRacTICAL EXAMPLE (sEE Fia. 5) 


Part 1. Analysis of Corresponding Rectangular Frame——The complete 
analysis of the corresponding rectangular frame, to the point of determining 
the reactions and the maximum moments and thrusts for the loading conditions 
considered, constitutes Part 1 of the procedure. There are various well-known 


methods of procedure which, of course, need not be mentioned. The solution 


appears in Table 1. 


TABLE 1.—Moments (M) anp Turusts (NV) RESULTING FROM 
Various LoADS ON THE CORRESPONDING RECTANGULAR FRAME 


Pornt 0 Point 1R Point 2R Point 3R | Point 4R2 | Pornt 6R2 
Loads ‘eye 51pm 6 PR Oe Ee Em TO ie Ee ee A Ne an ey Pee Re eee een See eee oo 


Dead load plus 


earth pressure ..| +4.8 7.1 | —1.3 7.1 | —21.5| 7.1 | —62.0) 13.4 | —23.8] 17.2 |+10.5} 23.8 
Live Load: 

SPOINE OM ocy. sate» 7.7 | 1.1.) —2.7| 1.1 |—12.9} 1.0] —22.1] 2.0) —15.5) 1.7 |— 3.7) 1.7 

Point LEU eles os 7 0.9/+9.0] 0.9]— 4.8] 0.9|—18.0) 2.2]....]....]— 30) 2.3 

Point Lies. .65| led 0.9 | —5.5 0.9 | —12.9] 0.9}—18.0} 1.4]....].... |— 3.0) 11 
Temperature: 


ane +3.0| +0.1 | £3.0| +0.1 | 2.9] 40.1 | 2.7] 40.1 | 1.9] 0.0 |= 0.4) 0.0 


a Subdivision 5R (Fig. 5) has been omitted since the moments and thrusts at this point are negligible. 
’ See alternate locations of concentrated live loads in Fig. 5. 


——————————————————————————————————————————__—_———_—__—_—__ IIE 
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Part 2. Design of Skewed Frame for Longitudinal Forces.—Part 2 consists, 
in general, of the complete design of the skewed frame for the longitudinal 
moments and thrusts found from Part 1, after transforming and correcting 
them in accordance with the following procedure: 

The transformation of forces and the resulting formulas are shown in Fig. 3. 
The formulas for My; and Tr, applying to Part 2 are: 


and 
. Te =i. Ty see Vii Sa ee (6b) 


The thing to be particularly noted here is that the formulas happen to work out 
in such a way that My, and 7’, are entirely independent of M, and T,, which 
appear in the corresponding formulas for Part 3. This means that Part 2 


Alternate Locations, Concentrated Live Loads 3.4 3.4 3.4 
Dead Loads B2 5.0 2.6 2.2 2.6 5.0 a 


All Quantities Are in Foot 
and Kip Units. Loads Apply 


to a One-Foot Strip. 

Skew Angle 6=54° 
& 
x 


\ 
14 3 


u(0) 
“u(1R) 
Zz 
p 
pen 


—45° 


| ewig BS 


hae Load Reaction =29.5 ee ee Ay oa 


u for Points in Vertical Leg= ZL aut + 4(2L) u for Points in Vertical Leg=0 | 


¢ for Points in Vertical Leg = +90° +4(3L)/ ¢ for Points in Vertical Leg = —90° ? 
+45° 


¥(3L) = 
ve" 
tv 
ee 
qv" 


6 @6.4=38.4=L 

Fie, 5.—Dimensrons, Loapines, AND Propprtizs OF CORRESPONDING RECTANGULAR FRAME i 
of the design, which controls the proportioning of the structure, can be com-- 
pleted without any reference to Part 3; and this is a very decided advantage. § 
With reference to Fig. 3, it should be noted that the moments and forces shown | 
in plan are all acting in the vz-plane (tangent to the neutral axis at point P).. 
The angle V is the projection on the vz-plane of the skew angle 6 (see calcula- - 
tions in Table 2). In Fig. 3, it is shown projected back on a horizontal plane. . 

The first correction considered is due directly to the fact that H for’ 
temperature loading, as found for the corresponding rectangular frame, must} 
be multiplied by (1 + &), or sec? 6, in order to make it applicable to a skewed If 
frame (see Fig. 4). The additional skew corrections, which are illustrated in| 


a © 
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Fig. 4, consist of multiplying M, and Tz by sec @ for all conditions of loading, 
and also multiplying Mz and T; again, for live loading, by cos 0. Although 
the two factors evidently cancel for live loading, it is found convenient in 


TABLE 2.—Vatuns or Funcrions or tHe ANGLE V (snE Fig. 3) 
; (0 = 54°; « = 1.376; and & = 1.893) 


Function Point 0 Point 1R | Point 2R | Point 3R 4R 5R 6R 
BPSD etsy alls teud Nut) :isyeiie: 6:0.se0,a%5) ay 1.00 0.99 0.98 0.95¢ 0 0 0 
an V'= €COS ¢.........06. 1.376 1.362 1,348 1.307 0 0 0 
EMR ye siaksig ts s¥uie elevena oss 0's 54° 00’ 53° 45/ §3° 25% 53° 35/ 0 0 0 
oe 7 SE ee ae 1.701 1.69 1.68 1.64 1.0 1.0 1.0 
BSECROISCO NIV MPs. sie) s edelalere Sisvetes «is 2.90 2.88 2.86 2.79 Le, LEG, 1.7 


¢ The angle ¢ at point 3R is in a state of transition, The value of cos ¢, as used for Part 2, is based on a 
ay in the deck portion Just to the left of point 3R—which represents the most severe assumption. For 
art 3, where it makes very little difference one way or the other, an angle of 45° is assumed (see Table 4). 


tabulation to perform both multiplications. The resulting procedure, as 
_ adopted for the present example, is as shown in Table 3. 

The remainder of Part 2 consists simply of designing and proportioning the 
structure from the corrected moments and thrusts in exactly the same manner 


TABLE 3.—QvantTiTIES IN TaBLE 1 CorrEecTED FoR SKEW 


Point 0 Point 1R Pont 2R Pornt 3R_ | Pornt 4R | Pornr 6R 


Loads $,|—-—_—_— |__| ——_— sy ccc—cc_(——c— 
oO 
na M: T. M: T» Mz T» M:z T» M: T» Mz TT 
Dead load plus earth . 
pressure.........../.. +48] 7.1) — 1.3 | 7.1/— 21.5} 7.1/— 62.0] 13.4] —23.8]/17.2|+10.5]23.8 
Live Load:? 
aint O50 fo accrss.0: 11+ 4.5] 0.6] — 1.6|’06]— 7.6) 0.6/— 13.0] 12/— 9.1] 1.0]/— 22] 1.0 
Romie... lc. iP 1.6) 0.5/2. 40 15 OSt—+) 28] ,0.5/= 1096) 14}... 2] l= 16) os 
Patsedt oy... {i \4- 1.0| 0.5] —.3.2 |0.8|—. 7.5} 0.6|4.10.6| 1.4 — 16] 0.6 
Temperature: 
one Me Shee o0aid Ss 2 | 8.7/+0.3] = 8.7 |40.3|-F 8.4/+40.3)-F 7.8/+0.3) 5.5] 0.0/ 1.2} 0.0 
Totals 
Maximum......... 3|+is.o) 7.5|{+112 | 72!_ 37.4) 7.9|— 82.8) 14.9] —38.4/18.2/ +11.7/23.8 
Corrected......... 3|+52.2| 21.6|{ +32-8 | 31-3! 106.9] 22.7/-231.0] 41.5] —65.3/30.9] + 19.9|40.5 


@ Note that Steps 1 and 2, following, apply also to Part 3: 

Step 1.—Live load quantities multiplied by cos @ (0.588). 

Step 2.—Temperature quantities multiplied by sec? @ (2.90). 

Step 3.—Maximum moments and thrusts summed up and multiplied by sec @ sec V (Table 2). 
b See alternate locations of concentrated live loads in Fig. 5. ‘ 


as for a rectangular rigid frame. The calculated depth at any section is to be 
measured in a vertical plane perpendicular to the abutments, which is the same 
as the depth for the corresponding rectangular frame. The calculated steel 
areas will be the areas required per foot of square width of the structure—that 
is, perpendicular to the faces of the bridge. 

These matters have been described at some length because frequently 
they are sources of confusion and error. In the tables, the calculations have 
been extended only to the point of tabulating the maximum moments and 


awl 
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thrusts at the various points, including the necessary skew corrections. It 
would serve no useful purpose to include in the example details of reinforced 
concrete design for bending and direct stress. It is worthy of note, however, 
that in the actual design of the structure used here as an example (Fig. 5), 
it was necessary to make several preliminary trials before the final dimensions 
were established, and it was found necessary, in the final design, to reduce the 
depth of concrete at and adjacent to the crown (the critical section), to a depth 
considerably smaller than that assumed in the beginning. This is typical of 
severe skews, where the temperature moments increase very rapidly in pro- 
portion to the other moments acting. The preponderant effect of temperature 
in such cases leads to the anomalous condition that the better the quality of 
concrete assumed in the design, the weaker the structure tends to become 
theoretically, until finally a point is reached where it becomes impossible, for 
any assumed crown thickness, to find room for the amount of tensile and com- 
pressive reinforcing steel required. { 

Part 3. Analysis and Design of Skewed Frame for Transverse Forces.— 
Part 3 includes (1) the analysis of the frame for the torsional and shearing 
forces acting in the transverse direction, and (2) the design of the transverse 
reinforcement needed in the structure as previously proportioned under Part 2. 

It is unfortunate that, although Part 3 is of comparatively minor impor- 
tance, it requires a comparatively larger amount of work. In many cases of 
moderate skew, the transverse steel will amount to little, if any, more than the 
spacer bars that would be used in any case, and therefore Part 3 could be 
omitted entirely. However, it is difficult, if not impossible, to be sure about 
this in any particular case (unless the skew amounts to less than about 25°) 
without working it out first. 


TABLE 4.—PuysicaLt Constants, ELastic PROPERTIES, AND 
SUMMATIONS FOR EQUATIONS | 


(a) QuanTITIES UsED IN SUMMATIONS (b) Constant TpRMs 


Point f 
5 2 Sin? ¢ | Cos? ¢ | u cos ¢| uy co 2 
jilucd Me PS ut | Sin? ¢ | Cos? ¢ | u cos ¢ | wy cos 4] y cost g 
F y | COB te: lipase F F F F F F 
6R | 3.0 | 0.133 | 3.5| —1.00] 0.00 | 0.0 0.0 | 0.1326 | 0.0000 | 0.000! 0.00. 
5R | 3.35 | 0.095 | 8.41 —1.00] 0.00 | 0:0 0.0 | 0:0952 | 0.0000] 0:000| 0:00 | 0.09 
4R | 4.35 | 0.043 | 14.81 —1.00] 0.00 | 0.0 0.0 | 0.0435 | 0.0000] 0.000] 0.00 | 0.00 
3R | 5.00 | 0.029 | 21.2 | —0:71] 0:71 | 15.0 6.4 | 0.0143 | 0.0143 | 0.303] 6.43 | 0:30 _ 
2R | 3.30 | 0.160 | 22:8 | —0.19] 0.98 | 21.1 | 44:3 | 0.0036 | 0.0956 | 2:060| 4700] 218° 
1R | 1.79 | 0.624 | 23:6 | —0.09| 0.99 | 22:2 | 308.0 | 0.00301 0:612 | 13:71 | 324.0 | 14.44 
0 | 1.33] 1.522 | 23:9] 0:00] 1.00 | 23.9 | 869.0 | 0.0000 | 1.522 |364 | sc9.0 | 3640 
1L | 1:79 | 0.624 | 23:6} +0.09| 0.99 | 25.6 | 409.0] 0.0050] 0.612 | 15:81 | 3730 | 14/44. 
2L | 3.30| 0.100 | 22:8| +0.19] 0.98 | 28.4 | 80.3 | 0.0036 | 0:0956| 2:77 | 632 | 218 
3L | 5.00 | 0.029 | 21.2 | +0.71| 0.71 | 42:2 | 50.9 | 0.0143 | 0.0143 | 0:854| 18101 0:30. 
4L | 4.35 | 0.043 | 14:8 | 41.00] 0.00 | 38.4 | 64.2 | 0.0435] 0.0000 | 0:000| 0:00 | 0:00 
5L | 3.35 | 0.095 | 8.4] +1.00| 0.00 | 38.4 | 140.4 | 0.0952] 0:0000| 0:000| 0.00 | 0:00 
6L | 3.00] 0.133 | 3.5] +100] 0.00 | 38.4 | 195.5 | 0.1326| 0.0000] 0:000| 0.00 | 0.00 


Bae [Sere | weer [ies e |. sone, fuceca tl eee 2 G80 ) bese] Sere 1a Oi” SoInOnm 


Oo 
i] 
o 


The example includes, for purposes of illustration, the most extensive 
analysis necessary under any circumstances. In most cases the work can be 
shortened. For instance, it will be noted that Assumption 3 (free rotation 


. 


- 


ae 
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4 about both the z-axes and the y-axes) controls the design throughout, as might 
} be expected, except that Assumption 2 (free rotation about the z-axes) controls 
at points along the vertical legs. It will also be seen that live loading could be 
omitted entirely without materially affecting the results. 


TABLE 5.—Loap1nc-TrermM SUMMATIONS FOR EQuaTIONS 


Dee WAS Live Loape Eeparony tye Loap?2 Live Loape 
aos 

° a ; ° * g 

Bea bie daha a1 | glans 

) 1 rs) R } 7) R 
re af= | Site sft Bit, af | 3{m of | 3 
"Ss ° ° ° ° ° ° ° ° ° ° q ° 
a |= |e 5 x | 8 x 3 x a s a 3 
2R | 55.7 | 115.0 5.33 | 10.9 22.4 1.04 2157 44,8 2.08} 14.5 |—0.0185| —0.268 
1R | 79.4 {1,089.0 | 48.60} 21.8} 299.0 | 13.33 43.5 597.0 | 26.60] 29.0 | —0.0556 ae ai2 
0 86.4 |3,140.0 | 131.50 | 32.6 |1,186.0 | 49.60 43.5 {1,583.0} 66.20] 21.8 0.0 
1L | 79.4 1,256.0 | 48.60} 21.8 | 345.0 | 13.33 | 43.5 688.0 | 26.60] 14.5 |+0.0556 te: 306 
2L | 55.7 | 154.0 5.33 | 10.9 30.2 1.04 | 21.8 60.3 2.08 7.2 |+0.0185} +0.134 


z= |.... [5,754.0 |. 239.4 |.... |1,882.6 | 78.3 --+. |2,973.1 | 123.6 Ai goon solo —0.940 


@ See alternate locations of concentrated live loads in Fig. 5. 


The procedure for Part 3 is illustrated fully by Tables 4 to 11, and no further 
explanation is necessary. Experience shows, however, that mistakes occur 
most frequently in assembling and calculating the proper numerical quantities 
| for substitution in the Eqs. 5. The following two paragraphs, in connection 
with Table 6, show a systematic arrangement of these quantities. 

Quantities for Direct Substitution in Equations, Assumption 1.—The 
following values of H are obtained from Part 1: 


Dead Balanced earth Temperature Live load, Live load, 
load pressure rise Point 0 Point 1R 
3.28 6.3 0.126 1.05 0.85 
‘ Substitutions for the left-hand sides of the equations are: 
Eq. Expression Solution Substitution 
tt Sb? sin? @ 
5a isa rape F 2,168 — 19.2? x 0.588 1,951 
| baand 5b =) MRS “% 71.9 
eZ 2.97 
5b ~s nh 


The corresponding substitutions for the right-hand sides of the equations are 
listed in Table 6. 

Quantities for Direct Substitution in Equations, Assumptions 2 and 3. —The 
balanced earth-pressure substitutions, in the right-hand sides of Eqs. 5a and 


h? s 
5b, for Assumptions 2 and 3, are as follows: — e¢ (3 —H ) >> wleme 


ns 
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w hi 
12 

2 . 
the left-hand side (Assumption 3) is es _ = 2,168. The M,-correction for As- 


sumption 2 is the same as shown in Table 6 for Assumption 1. With the afore- 


4 WE y eeosd _”_ 8.800 + 43.4 Xx 71.9 = — 5,770. The substitution for 


TABLE 6.—SvusstiTuTions FoR THE Ricut-Hanp SipE oF EqQuaTIONS 
ASSUMPTION 1 


d ° Substi- 
Loading Expression Computation tution 
(a) Eqs. 5a 
M. uy COs 
Dead load....... (> eet ay uv ees?) | 1.376 (5,754 — 3.28 X 1,701) 240 
Helanced cap |e (+ a3 H) Sao Se — 1.376 (10.1 — 6.3) X 1,701 _—_ | —8,890 
pressure 2 F 
4 Ect! L uy Cos d ! 
Temperature rise | € [ Koes 1+e)H Dees (see next line) 
1.376 rae — (1 + 1.3762) 0.126 X 1,700 
; = 1.376 (210 — 620) —564 
Live Load: 
BE ee a (Dead-load expression X cos 6) 1.376 (1,883 —1.05 1,701) X0.588 78.4 
1R (balanced) .| (Dead-load expression X cos 6) 1.376 (2,973 —1.7 1,701) X0.588 62.4 
(b) Eqs.’5b 
M, cos? ¢ y cos? d 
Dead load...... e( EP a et) | 1.376 39.4 — 3.28 x 70.25) 12.38 
Balanced earth w h? y cos? d 
llanced earth |) _¢ (UE _w) eee — 1.376 X 3.8 X 70.25 —367 
2 
Temperature rise | ~ «(1 + ¢) H )) USO? — (1.376 + 1.376%) 0.126 X 70.25] —35.2° 
Live Load: 
Oetitasreetps s (Dead-load expression X cos @) 1.376 (783 —1.05 X70.25) X0.588 3.67 
1R (balanced) .| (Dead-load expression X cos @) 1.376 (123.6 —1.7 X70.25) X0.588 3.38 
My,-correction Cc Mo sin @ cos > 8 sin? ¢ 1.376 X (- 0.94) 
(Eq. 5e) } pas F p> F 0.588 are 
Note that the values assumed for the various constants w, c, t°, etc. are plainly indicated : 


in the above substitutions. 


mentioned exceptions, all substitutions in the right-hand sides of Eqs. 5a for 
Assumptions 2 and 3 are the same as the corresponding substitutions in Kas. 5a, 
for Assumption 1, as shown in Table 6. 
The individual reactions, as given in Table 8, are to be used in calculating 
the values of M, in Table 9; the summations will apply to the determination of 
soil pressures at the footings (see Fig. 6), with the following corrections: Deduct 


w h? w h2 
55 (or 10.1) from the total for R,, and e er (or 18.9) from the total for R., 
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TABLE 7.—Soxvution or Equations, ror Various Assumep Foorina 
ConDITIONS 


— 


Me Live Loap¢ 
alanced | Temper- 
Eq. Left-hand sides | Dead load earth Stare 


pressure rise 


1R 
(balanced) 1R 


(a) Assumption 1, Rotation aBouT THE z-AxEs ONLY 


5a 1,951 R’z 


—71.9 Mz =- +240 —8,890 —564 +78.4 +62.4 
5b 71.9 R’z ° 
—2.97 Mz = + 12.38 —367 — 35.2 + 3.67 + 3.38 
Dividing through by the coefficients of Rz: 
5a R’, —0.0369 Mz =| + 0.1230 — 4.56] — 0.289 | + 0.0402 | + 0.0320 
5b R’, —0.0413 Mz =| + 0.1722 — 5.10] — 0.490 | + 0.0510 | + 0.0470 
5e—5b| 0.0044 Mz = — 0.0492 + 0.54} + 0.201 | — 0.0108 | — 0.0150 Stctete 
Je Mr= - — 11.18 +122.7 + 45.7 — 2.45 — 3.41 —1.70 
-++0.0369 Mz = — 0.413 + 4.53} + 1.686 | — 0.0904 | — 0.1260 mates 
Adding to Kq. 5a, j 
R= FF — 0.290 — 0.03} + 1.397 | — 0.0502 | — 0.0940 | —0.047 
5¢ My, = ~3 RR’: 
=—19.2 R’,= + 5.57 + 0.58.| — 26.80 + 0.964 + 1.806 +0.903 (Av.) 
For Live Load¢ at 1R 
5d Myr = +0.903 —2.20 = —1.297 
5d. My, = +0.903 +2.20 = +3.103 


(6) Assumption 2, RoTaTion aBouT z-AXES AND z-AXES 


5a 1,951 R’z = +240 —5,770 —564 +78.4 +62.4 wats 

wee | Re = + 0.123 — 2.96] — 0.289 | + 0.0402 | + 0.032 +0.016 

5c M,=—19.2 R’z= | — 2.36 + 56.9 + 5.55 — 0.772 — 0.614 —0.307 (Av.) 
For Live Load? at 1R: 

5d Myr = —0.307 —2.20 = —2.507 

5d MyL= —0.307 +2.20 = +1.893 


(c) ASSUMPTION 3, RoTATION aBouT z-AxES, y-AXES, AND 2-AXES 


5a 2,168 R’ = +240 —5,770 —564 +78.4 +62.4 ee 
ae 2 = + 0.111 — 2.66] — 0.260 | + 0.036 + 0.029 +0.014 
_ @ Alternate locations of concentrated live loads shown in Fig. 5. 
TABLE 8.—TaABULATION OF REACTIONS 
ASSUMPTION 1 ASSUMPTION 2 ASSUMPTION 3 
No Load Rz eRz = 
R’z Myr M:z Rz R’z Myr Rz R’; R:z 
1 Dead load..... 8.28] 4.51] —0.290]+ 5.57] — 11.2}+ 4.22)+0.123] — 2.36] +4.63] +0.111] +4.62 
2 arth pressure.| 3.80] 5.23] —0.030]-+ 0.58) +122.7) + 5:20) —2.96 |+56.9 |+2.27| —2.66 |+2.57 
3 otal st.s «yer 7.08| 9.74] —0.320|/-+ 6.15} 111.5)+ 9.42) —2.84 54.5 |+6.90] —2.55 |+7.19 
Live Load:¢ 
4 “0. i Bscts 0.62} 0.85} —0.050}-++ 0.96}— 2.5/-+ 0.80}+0.04 |— 0.77}/-+0.89}+0.04 | +0.89 
5 EC ear oarereese 0.50] 0.69] —0.050| — 1.30}— 1.7)+ 0.64]/+0.02 |— 2.51}+0.71}+0.01 |+0.70 
6 PGE estaava oe 0.50} 0.69} —0.050}-+ 3.10}— 1.7/-+ 0.64}+0.02 |+ 1.89}+0.71]}-+0.01 |+0.70 
Temperature: 
7 Hite } ee fi -+0.37|-£0.50| -#1.40 |== 26.80) 45.7/+ 1.90/-F0.29 |+ 5.55)-+0.21/+-0.26 |-+0.24 
i i ding T ture: ; 
8 one sbions inclu 7.45 cag } ... |—20.6 |+157.2|+11.32) .... |+60.0 }+7.11] .... |+7.43 
9 ate Py J | a Beet | ..-. |+83.0 |+ 65.8}-+ 7.52} .... |+49.0 |+6.69]) .... |+6.95 


2 Alternate locations of concentrated live loads in Fig. 5. Note that the live loadings (Items 4, 5, and 6) 
are not inchided in the summations (Items 8 and 9) since live loading has been neglected in the investigation 
il Fig. 6). 2 é 
a pour preserss (see Re Pi dead load, earth pressure, live load, and temperature rise are, respectively : 

H, 0.5 w h? — H, H cos 0, and (1 + &) H. The values of H are obtained from Part 1. 


q ee 
cr Le ee i So |. 
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hs | 
for each of the three assumptions; and deduct SCE (or 43.8) from the total for 


/ 


M,, under Assumption 1. vane 
The resulting foundation conditions are indicated graphically in Fig. 6, as 


plotted from information given in Table 8. It is evident from inspection that 


68 
LOADING CONDITION A f me 9.1 me 


Assumption 1 
Dead Load +Earth Pressure + 
Temperature Rise 


a a7 
20.6 | 
2.7 
M LOADING CONDITION B 
Assumption 2 
: Dead Load +Earth Pressure + 


26) Temperature Rise 


Center Line 


Nie 
io 


=) 
Aseos 
ait =) 
e 
aa Face of Footing 


Face of Footing 


(a) TWISTING EFFECTS; HORIZONTAL THRUSTS r 


LOADING CONDITION C 


Assumption 1 
Dead Load+Earth Pressure + 17.3—> 
Temperature Fall a20 Tans Besa Art pea in 


Center Line 


Base of Footin 


29.5 


Xe ay fcc). : 
3.0 Tons per Sq Ft ; 


22.0 


LOADING CONDITION D 
Assumption 1 4 
Dead Load +Earth Pressure + 
Temperature Rise 


(6) ROCKING EFFECTS; VERTICAL PRESSURES 


Fie, 6.—Forcrs DEVELOPED aT Footrnes (ALL THRUSTS AND PrussurEs ARE- Kips PER 
Lrygar Foor or Footrne—Excurt as Norep—aNpD ALL MomEnts 
Are Foot-Kips pr Linsar Foor or Foorrna) 


obits 
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complete fixity against rotation about the z-axis should not be depended on 
under ordinary conditions. 


Attention is called to a departure from general practice in basing the calcu- 
lations, in the example, on a 1-ft longitudinal design strip instead of the total 


TABLE 9.—Computations ror M, 


Formulas for Mv, under Assumptions 1 and 3, are given in this table.‘ For Assumption 2, the formula is 
the same as for Assumption 3 except that the quantity — Mysin¢ is added. For earth pressure loading, 

_ M,pr is relatively quite large (see Table 8), but since sin ¢ is very small from point 0 to point 2R, and also 
since point 3R (because of the increased depth at this point) is not a critical design section, Assumption 2 
is confined to points 4R to 6R, inclusive. Values of Mo are given in Table 5, and of Rz, R:z, Mz, and Myr, 
in Table 8. ¢€ = 1.376 (see Table 2). 


ASSUMPTION 1 ASSUMPTION 3 
ere ielgieel ta) aes 
° & r=} ‘2 ro] ° n 
4 ’ a 3 g oI 8 3 5 3 9 g 5 
0 AM NL a GR Re Rea es ew Cir 
3 w S 
a | alae 3 | aeaiae 
(a) Pornt 0: x = 19.2; sind =0; cos¢ = 1.00; AND u = 23.9 
Dead load?..... 118.9} .... | —225.1)+4+111.5] ..:. |+118.9)+ 5.3] .... | —172.1])+43.8] +118.9] — 9.4 
Live Load:> 
Point 0..... 26.2}..... }— 19.1] — 2.5) .... | + 26.2)+ 4.6) .... |— 21.2) .... 1+ 26.2)/+ 5.0 
Point 1... 17.5] .... | — 15.3}— 1.7] .... [+ °'17.5}+ 0.5) .... |— 16.7) .... | + 17.5) + 0.8 
Temperature: 
par} geeks. aie ete tas Bae ab. 7hecil leiden bate. O12). oe FE O.O) ee 5 freee ae eo 
(b) Point 1R: x = 12.8; sind = — 0.09; cos ¢@ = 0.99; ann uw = 22.2 
Dead load?..... 109.3] —11.3} —209.1} +110.5} + 0.6}+108.2|— 1.1] —11.3} —160.0| +43.4| +108.2} —19.7 
Live Load: — 
ye point 0 aves 17.5} — 1.0]}— 17.8}— 2.5})+ 0.1)}+ 17.4)— 3.8}— 1.0]}— 19.8] .... |+ 17.4/— 3.4 
Point 1R...| 23.2}— 0.8)— 14.2)— 1.7)— 0.1)+ 23.0}+.6.2}— 0.8]— 15.6) .... |+ 23.0)}+ 6.6 
Point 1L...} 11.6]-—- 0.8}— 14.2}— 1.7/+ 0.3}+ 11.5)— 4.9|— 0.8}— 15.6] .... }+ 11.5])— 4.9 
Temperature: 
ate BET ap .... fe 0.6; 42.4]-4 45.3) 2.4 = O2IF O0.6/F 5.5 + 6.1 
(c) Pornt 2R: x = 6.4; sind = — 0.19; cos ¢ = 0.98; AND uw = 21.1 
- Dead load?... . 76.6| —11.9] —199.0| +109.2|+ 1.2)+ 75.0) —25.5] —11.9] —152.0] +42.9}+ 75.0] —46.0 
Live Load:?..... 
int O..00 s.« 8.7|/— 1.0|— 16.9)— 2.4/+ 0.2/4 8.5)/—11.6}— 1.0}— 18.7) ....|+ 8.5)—11.2 
pont 1R...| 11.6) — 0.8}— 13.5) — -1.7/— 0.2)/+ 11.4]— 4.8}— 0.8)}— 14.8] .... |+ 11.4)— 4.2 
Point 1L...| 5.7}— 0.8|— 13.5]— 1.7/-+ 0.6/+ 5.6|— 9.8]— 0.8]— 14.8] .... |+ 5.6] —-10.0 
Temperature: 
piel Fie uetlsse0.6)45 40:8] 4 44-7le 64]) scale alee O.6leY Stl. | at ET 
(d) Point 3R: x = 0.0; stn ¢ = — 0.71; cos¢ = 0.71; aND u = 15.0 
Dead load@..... —141.3)-+ 79.1)+ 4.4 —57.8| .... |}—107.8)/+381.1) .... | —76.7 
i d:b 
Dray Siriaas — 12.0;—  1.8)+ 0.7| .../ )—13.1] .... |— 13.3) .... eee | —18.3 
Point 1R wt O.6 ar 162] —aO.91) wnt PL ee |) LOSS ar couse | 10.5 
Point 1L — 96)/— 1.2)+ 2.2 — 8.6) 4) — 10:5] ....5 aa Ea —10.5 
Temperature: 
ari bo Sa eel ett |e 28.71 a BOB 19.1) /.h6 at IS.2| laces B8l acl ees se EMSS 
(e) Assumption 2; Points 4R To 6R, Incuustve: t = 0; sind = 0; cos¢ = — 1.00; aNd u = 0 
Evidently My = — Myrsin ¢ = Myr; and M» can be taken directly from Table 8. 
a ee eee t 5 maT 
2 Combined vertical load plus earth pressure. + Alternate locations of concentrated live loads in Fig. 5. 


————————— —— oOOOrorrs————080R08080R0R0R0R0R0R qo s4ss.——9 
———— ness 
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TABLE 10.—TRANSVERSE ToRsIONAL MoMENTS* Mr anv Suears* T'p 
een 
ASSUMPTION 1 ASSUMPTION 3 


F tH 
Loading M:z eels Ts Ranta 


Mo T: 


Mr | 7: | Tr| Mo | Mr Hib 


(a) Pornt 0: Tan V = 1.376 


Dead load plus earth 


DRORSUPC anus 6 5 cea os + 4.8|/+ 6.6/+ 7.1]+ 9.8}+ 5.2/+ 1.4/+9.4)+0.4]— 9.5]+16.1/+7.2) +2.6 
Live Load: 

PoinbOuan genes 8: + 4.5|+ 6.2|+ 0.6/+ 0.8}+ 4.6)/+ 1.6/+0.8)-+0.0/+ 5.0)/+ 1.2) -+0.9/ —0.1 

eat) eee + 1Lol+ 1.4]+ 0.5/4 0:7|+ 0.5]+ 0.9/+0.6|-+0.1/+ 0.8}+ 0.6] +0.7/ —0.0 
Temperature 

jiise} Reever + 8.7|*12.0]+ 0.3/4 0.4|/+ 0.3/F12.3/41.9/+1.5|* 6.0) 6.0/+0.2/+0.2 
Summation te lecseret vias ol cece Noe weet Role eee cer] wees [E1B.B18 | =F 1.0) Scare tees: 8) ete ees 


(b) Pornr 1R: Tan V = 1.362 


Dead load plus earth 


preosures creek els. — 1.3/— 1.8]+ 7.1]+ 9.7}/— 1.1]— 0.7/+9.4| +0.3] -19.7| +17.9| +7.2| +2.5 
Live Load: 
dg Peite Unie. saad — 1.6|— 2.2}+ 0.6|+ 0.8}— 3.8/+ 1.6/+0.8} 0.0/— 3.4)+ 1.2}+0.9|—0.1 
Point 1B. ics... .. 70 + 4.0]+ 5.4/+ 0.5}+.0.7]/+ 6.2|— 0.8]+0.6]+0.1]+ 6.6|— 1.2/+0.7} 0.0 
Point Ulin od 0209 aes — 3.2|— 4.3}+ 0.5|+ 0.7/— 4.9/+ 0.6) +0.6/+0.1]— 4.9)+ 0.6/+0.7| 0.0 
Temperature 
Be ae oREe F 8.7|F11.8}+ 0.3) 0.4|F 0.1/F11.7|41.9/F1.5|F 6.1) 5.7] £0.2) 40.2 
Summation sc, 6 tslsis oa 4 e's —13.2 .|—1.1 +24.8 42.2 


- pressure pet Te —21.5| —29.0]/+ 7.1|+ 9.6] —25.5|— 3.5]+9.4]+0.2| —46.0] +.17.0] +-7.2| +2.4 
ive Loa 
Point Owes dceeen cies — 7.6|—10.2]+ 0.6]+ 0.8] —11.6]+, 1.4/+0.8] 0.0]—11.2}+ 1.0]+0.9] —0.1 
Point UR. tes) s/- — 2.8]/— 3.8|+ 0.5/+ 0.7]/— 4.8/4 1.0/+0.6]+0.1]— 4.2/+ 0.4]+0.7] 0.0 
Romt 1uatkwens ees — 7.5|—10.1]+ 0.5}+ 0.7]— 9.8]— 0.3|+0.6]+0.1] —10.0] — 0.1]+0.7] 0.0 
Temperature 
a Re ee = 8.4/F11.3)+ 0.3/4 0.4) 1.3/=10.0/41.9]F1.5| 5.9|F 5.4] +0.2}+0.2 
Summation. .s..62.00s- —13.8 -|—-1.2 +23.4 +2.1 


(d) Pornr 3R: Tan V = 0.977 


oy ees Sob ag oncA eto —62.0} —60.6] +13.4| +13.4| —57.8] — 2.8] +9.4|+4.0] —76.7| +16.1| +7.2| +6.2 
ave Loa 
Paint Ose ici iate(i> ere —13.0] —12.7}+ 1.2}+ 1.2] —13.1]+ 0.4] +0.8] +0.4| —13.3]-+ 0.6] +0.9) +0.3 
TaGititinl the, 5 oe enun aoe —10.6| —10.3}+ 1.4)-+ 1.4|—11.7|+ 1.4]-+0.6] +0.8] —10.5| + 0.2] +0.7| +0.7 
POM GEG seis: sfe evel —10.6] —10.3]-+ 1.4)+ 1.4]— 8.6} — 1.7] -+0.6) +0.8] —10.5]-+ 0.2) +0.7] +0.7 
Temperature 
iil ekcaege Gace F 7.8/F 7.6) 0.3) 0.3/7 15.2) 7.6) +1.9/F1.6F 3.8/7 3.8|-0.2/40.1) 
UMM AMON see's wie ciele:e sis aioe. || wb.bie. || gheretattseisrsss) [ea aretepy == kOe Dllcot eel t=G.48( reseravdl|=t- Oren anata reve 
(e) Points 4R, 5R, and 6R: Tan V =0 ASSUMPTION 1 ASSUMPTION 2 


Dead load plus earth 


0 0 0 0 |+ 6.2|— 6.2|+9.4| —9.4| +54.5] —54.5] +6.9] —6.9 
0 0 0 0 |+ 1.0}— 1.0) +0.8) —0.8]— 0.8]+ 0.8] -+0.9| —0.9 
0 0 0 0 |— 1.3)+ 1.3}+0.6]}—0.6]— 2.5}+ 2.5|+0.7| —0.7 
0 0 0 0 + 3.1)— 3.1) +0.6 —0.6}-+ 1.9] — 1.9] +0.7| —0.7 
0 0 0 O | 26.8} +26.8) +1.9/F 1.9} + 5.6/-F 5.6] +0.2|+-0.2 


—36.1 8.1 —62.0 -7.8 


«Mr and Tr (see Fig. 3) are equal, respectively, to: Mz tan V v 
and 7» are given in Table 3, M» in Table 9, and T= Rin Tables. jan Te ten Teg ee 


a ea a ea 
SSS OO OO OO ——EE~_——E———EE=E 


j 


€ 


ty 
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TABLE 11.—Rezsuttant Unir SHears anp TRANSVERSE REINFORCEMENT 


Center Line of Frame 


Vv. 
5 ue 60 Lb per Sq In. 


Neutral Axis 
eee 


Referring to the diagram— 


45 Mr 
ve = om ee te D 
_ 1577 
Vv = STR «RoR Osco Onno od aigonm apspocon crags oot.s II 
and 
3 Uc =S(Vpecl= Vs) Fe OO here y ese inienh wise gota tee oie ak see ieee Tit 
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The factor b, which should appear in the denominators of Formulas I and II, is not shown since it is equal 
to unity. ci (see Formula IV) locates the neutral axis, and is the greater of the two c distances, whether 
measured from the intrados or from the extrados. Formula V equates As fs to the total shear, as repre- 
sented by the larger shear triangle in the diagram. Formula VI equates the moment As fs about the 
neutral axis to the moment of the larger shear triangle about the neutral axis. Formulas V and VI are 
based on fs = 18,000 lb per sq in.; and the transverse steel is designed from the greater of the two values 
of As. = 
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width of the bridge. It should be understood, of course, that the bridge is 
considered as a whole in this part of the analysis and design. It is possible to 
use a 1-ft strip only because it just happens that the total width “ob” enters into 
the expression for the factor of torsion, F (under the heading “‘Geometrical 
Relations and Definitions”), and into the torsion and shear formulas (Table 11), 
as a linear quantity. In such case, it is a practical waste of time to introduce 
“b” into the calculations, since it automatically cancels itself. 


CONCLUSIONS 


(1) There is no justification for avoiding the use of solid-barreled skewed 
rigid frame bridges on the basis of difficulties, delays, or uncertainties in design. 
Parts 1 and 2 of this paper (including the analysis and design for the trans- 
formed longitudinal forces), taken together, represent very little more work than 
that necessary for the design of any ordinary rectangular rigid frame. Part 3 
(the analysis and design for the transformed transverse forces) has been de- 
veloped at some length in the example to illustrate the comparative effects of 
various loading conditions and various foundation assumptions, but the amount 
of work involved (a large proportion of which, it will be found, can be omitted 
in practice) is still considerably less than that formerly required and a great 
deal easier to follow. 

In Part 3, it will be noted that Assumption 1 (footings fixed against rotation 
about the xz-axes and y-axes) leads to transverse torsional moments amounting, 
in the example, to less than two thirds, at any point, of the torsional moments 
obtained by either one of the other two assumptions. Although there is 
reason to believe that this will be true for any skewed frame, it is impossible, 
at present, to make any such generalinference. With accumulating experience, 
however, it should be possible to eliminate Assumption 1, in at least the ma- 
jority of cases, which will mean a substantial further reduction in the amount of 
work required. The example also illustrates the practically negligible effects 
of live loading. In practice, it ordinarily can be omitted safely, except as a 
small plus-or-minus percentage (say + 10%) of the combined dead load and 
earth pressure. This still further reduces the work necessary for Part 3. 

Admitting that various uncertainties exist in skewed arch or frame design 
(notably the uncertainty as to the correctness of any of the various versions of 
the basic torsion formula underlying all methods of internal stress distribution), 
it should be remembered that they apply, for the most part, to Part 3, which is) 
after all a minor part of the design. Attention is called again to the fact that 
Parts 1 and 2, which control the proportioning of the structure, are independent 
of Part 3, and of any assumption that has been made therein. 

The method of design described for Part 3 is based on the practical method 
of internal stress distribution originally proposed by Professor Rathbun. It 
is believed to be well within the limits of justifiable precision. Since Part 3 is 
of secondary importance and the transverse reinforcement amounts to rela-- 
tively little in any case, and in view of the uncertainties previously referred to, 


any greater degree of precision would seem to be both useless and misleading 
for all practical purposes. 


Pabemcw: 
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. (2) The customary assumption that the footings will be fully restrained 
against rotation about the z-axes and y-axes is unaccompanied usually by any 
attempt to make certain, either in the design of the structure or in the details 
of the footings, that such restraint can be accomplished. It is evident from 
Fig. 6 that rotation about the z-axes (in the case of the bridge in the example) 
‘would be difficult to prevent, in any case. The proposed practice of designing 
skewed frames to meet either or both of the extreme conditions of complete 
restraint and-free rotation about the z-axes and y-axes meets any condition, 
and furnishes security against any degree of rotation or restraint that can 
possibly result. The cost of the small amount of additional transverse rein- 
forcement necessary for this purpose is a small price to pay for the added 
security obtained. 

The practice of designing skewed frames on an assumption of free rotation 
about the z-axes is based on the well-established practice of designing rec- 
tangular frames on a similar assumption. There seems to be no reason why the 
assumption should not be as applicable in one case as in the other. 

(3) The maximum degree of skew for which a frame can be designed suc- 
cessfully by the method here adopted is controlled, in any particular case, by 
the effects of temperature drop on the crown section under Part 2 (longitudinal 
forces). The temperature effects increase in the ratio of the fourth power of 
the secant of the skew angle. They also increase with the strength and stiffness 
of the concrete used in construction. 

(4) It should be noted that the width of the structure, b, does not enter into 
the analysis or design, except indirectly as a factor in the intensity of live load- 
ing to be considered. The width-span ratio, therefore, has little effect on the 
results, and, according to the method of design here employed, has no more 
effect on the strength and stability of a skewed frame than it has in the case 
of an ordinary rectangular frame. Consequently (contrary to the popular 
belief), it makes no difference whether or not any part of one abutment can be 
projected, perpendicular to itself, upon the other. 

(5) Such tests as have been made in connection with skewed arches and 
frames have dealt mostly with the effects of live loading in various positions. 
As previously noted, the effects of live loading are subordinate to temperature 
effects in Part 2, and are almost negligible in comparison with the effects of 
earth pressure’in Part 3. Therefore, it would be more to the point (at least 
as far as the ordinary type of skewed frame is concerned) to test the effects of 
temperature fall and the distribution and intensity of earth pressure forces, 
as well as the amounts of rotation, in the various directions, that can be ex- 
pected at the footings under ordinary soil conditions. 
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The equations presented by Mr. Hayden? are: 
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tities for the right-hand members of Eqs. 7: Eq. 7a, + 


Eect?L . 
Th oo arena Eq. 7c, 0; and Eq. 7d, 0. For the sake of simplicity, the substi- 
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tutions for horizontal earth-pressure loading have not been included. 
Substituting, in Eqs. 7, the value 


U.= PSN + Y.CO8 O...teca cle cole (8)) 
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the following results are obtained: 
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(The right-hand sides of ‘Eqs. 9 for temperature are the same as in Eqs. 7. 
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F are each equal to zero and 


The summations )> and 
have been omitted.) 

Multiply each term of Eq. 9c by y, making the assumption that an average 
value of y can be introduced as a constant quantity under the summation signs, 
and subtract Eq. 9c, as thus modified, from Eq. 96. Then multiply the 
resulting equation by e K and subtract from Eq. 9a. The formulas for R, are 


obtained directly, as follows: For applied loading— 
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Therefore, R, = H and (1+ &) H, respectively, for the corresponding rec- 
tangular frame. 
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ROLE OF THE LAND DURING FLOOD PERIODS © 
By W. W. Horner, M. Am. Soc. C. E. 


SYNOPSIS 


The réle of the land discussed in this paper is that which determines, 
from any specific precipitation period, the stream-channel inflow, which will 
result directly therefrom, and which will occur during or immediately following 
that period. Stream-channel inflow of normal ground water, from the water 


table, is not discussed in detail. This paper recognizes that this “‘réle” is not 


a matter peculiarly related to “flood” periods, but that the land effect during 
flood periods is merely a special case of its effect during any period of 
precipitation. 

The réle of the land is discussed in its abstractive or retentive effect, 


- determining the volume of related runoff, and also in its detentive effect as a 
_ partial determinant of the shape and timing of the hydrograph of channel 


inflow. 
The principal controls of the land are given as surface retention, infiltration 


: capacity, surface detention, subsurface detention, subsurface storage, and the 
facility for quick subsurface return outflow to the stream. It is stated that 
_ for the greater part of the land area, infiltration capacity is the most important 


determinant, but that for other parts, subsurface retention and detention 
capacity may be the limiting element. Quantitative values are discussed and 
an illustrative example is presented; some space is given to the type of basic 
data needed for a true evaluation of the controlling elements, and the extent 
to which the data are becoming available is the subject of comment. 


PART I.—INTRODUCTION 


The objective of this paper is to discuss the manner in which a rainfall 
pattern, during a generally continuous period of precipitation, is modified and 
transformed by the land into a pattern of occurrence of stream-channel inflow 


Norz.—Written comments are invited for gus taht publication; to insure publication the last dis- 
cussion should be submitted by October 1, 194 
1 Cons. Engr. (Horner & Shifrin), St. Toul Mo. \ 
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for a directly related rise of the hydrograph. For the sake of brevity, it is 
necessary to limit the scope of this paper to precipitation falling as rain, and 
to unfrozen ground. 

The effects of the land with its vegetal cover fall into two general classes— 
(a) the retention effect, by which some or all of the rainfall is abstracted and 
stored and does not appear as stream-channel inflow or contribute to any 
directly related rise of the stream hydrograph, and (b) the detention effect 
through which the diagram of channel inflow is offset or delayed and modified 
with respect to the pattern of excess rainfall. 

The paper traces the paths followed by water from its state as precipitation 
to its state as channel inflow, and the character of the controls that the land 
exerts on the water along these paths. It is recognized that the quantitative 
values of these controls, such as infiltration capacity, surface retention and 
detention, subsurface retention and detention, and subsurface return flow, are 
what they are, at the beginning of a storm period, because of the forces and 
effects that have been active during an antecedent period. During the ante- 
cedent period, the processes of evaporation, transpiration, and of percolation 
and subsurface discharge to the stream are the pumps which are evacuating 
ground storage space removing surface storage from the ground, and per- 
mitting, in varying amounts, changes in soil structure. These forces and 
effects are in a sense the “‘stagehands’’ which prepare the “setting,’’ and what 
they accomplish prior to the rain has a very large relation to the type of 
performance which the principal ‘actor,’ precipitation, may produce with 
respect to storm runoff. Since this paper involves only the relationship 
between the precipitation and the channel inflow resulting from that precipi- 
tation, no consideration is given to channel inflow from the normal ground- 
water table, and the rise of the hydrograph is visualized as occurring from the 
excess channel inflow over and above normal ground-water inflow or base flow. 


PRECIPITATION PATTERN 


For the purpose of this presentation, it is assumed that precipitation 
occurrence may be treated in its pattern form. This pattern, depending upon 
the relative magnitude of the areas involved, preferably may be considered in 
intervals of 10 min, 1 hr, or even 3 hr. Mean values of precipitation for 
periods appreciably in excess of 1 hr are so different from the actual intensities 
that make them up, that their relation to controls, such as infiltration capacity 
rates, becomes obscured, and they may not be used except for generalization. 
This criterion becomes the more obvious when it is recognized that hydraulic 
procedures related to the flow in the streams must be based upon reasonably 
accurate patterns of inflow, and that only for the very large stream systems 
can mean inflow rates for periods greater than 6 hr be used to advantage in 
such procedures as flood routing, or in evaluating the effects of channel storage. 


Lanp ContTROLS 
The effects of the land in modifying the amount and pattern of precipitation 
into an amount and pattern of channel inflow may be classified into five steps. 
There are two paths “a’’ and ‘“‘b” which the precipitation at the soil surface - 
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_ may take in the direction of contributing to the stream-channel inflow, and 
along these paths the principal controls which the land exerts are: 


I. Interception.—Storage, retention by and on vegetation, commonly 
referred to as interception. The precipitation not retained by vegetation will 
be referred to as rainfall at the soil surface. 

II. Separation at the Soil Surface—This is controlled by the relation 
between rainfall intensity at the soil surface and infiltration capacity. It 
divides the precipitation at the soil surface into (a) excess rainfall producing 
surface runoff and (6) accretion to soil moisture. 

IIT, Storage.— 

(a) The excess rainfall produced and remaining above the surface in Step 
II(a) may be retained in part in surface depressions, and is referred to as 
“depression storage.’’ Excess rainfall minus depression storage becomes 
surface runoff as overland flow. 

(6) That part of the rainfall at the ground surface which is infiltrated 
through the ground surface (Step II(b)) increases soil moisture initially up to 
the point of satisfying capillary deficiency. 

IV. Detention.— 

(a) Surface runoff in overland flow (Step II(a)) requires the detention of 
some part of the runoff in order to build up a film of water through which 
‘runoff can occur. Such surface detention does not of itself reduce the amount 
of channel inflow but modifies the time and rate of inflow occurrence. How- 
ever, after the cessation of precipitation some water will infiltrate out of the 
surface detention film and surface runoff will be reduced further by the amount 
of such post precipitation infiltration. 

(6) Accretions to soil moisture, in excess of capillary deficiency, represent 
free soil water and may be referred to as subsurface detention. 

V. Runof.— e 

(a) Surface runoff (Step II(a)) as reduced by infiltration out of surface 
detention (Step IV(a)) becomes channel inflow. 

(b) Free soil water (Step IV(b)), when accumulated in sufficient amount 

and where the ground-water gradients are steep, may return to the surface, 
at stream margins or at the foot of steep slopes, in time to contribute to the 
rise of the hydrograph. For such conditions it may be referred to as quick 
subsurface return flow. 
Values of these determinants are functions of soil surface, soil depth, soil 
composition and structure, and of soil slope; but they are also functions of the 
vegetal cover. Quantitatively they can be discussed only in terms of char- 
acteristic ‘“‘complexes’”’ or combinations of soil and cover. 


SurFrace STORAGE OR RETENTION 


The terms “surface storage” and “‘surface retention” in this paper include 
that part of the precipitation which does not appear either as surface runoff 
or as infiltration during the period of precipitation. It includes: (a) Inter- 
ception by vegetal cover; () depression storage; (c) evaporation during storm 
period; and (d) surface retention. 
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(a) Interception by Vegetal Cover.—This item may be negligible with respect 
to major floods, but may affect the magnitude of minor floods appreciably. 

Published values of interception generally are annual, seasonal, or monthly, 
but some information for precipitation periods is available. The areal holding 
capacity of the vegetation must vary with the density,, percentage of canopy 
cover, character of leaf and stem surface, and similar factors. It is also subject 
to precipitation intensity and to wind effect. It will vary, therefore, with 
seasonal, crop, or vegetation conditions. 

Interception for bare or fallow land, of course, is zero. Studies of inter- 
ception by crop vegetation at Clarinda, Iowa, indicate that for corn, alfalfa, 
and clover, it maybe as much as 0.5 in. for some types of storm and maximum 
vegetative development. It will generally range? from 0.05 in. to 0.20 in. 
when the precipitation in a storm period exceeds 0.5 in. 

Studies at Bethany, Mo., indicate that for storms having a precipitation 
in excess of 0.5 in., and during a period of maximum vegetative development, 
alfalfa will intercept 35% of the precipitation, corn and soybeans from 13% 
to 17%, and oats 6%. Blue grass, exclusive of the holding power of the litter, 

seems to have a value between the 


TABLE 1.—PeERcENTAGE OF RaIn- latter two groups. Between the fal- 
FALL INTERCEPTED BY TREES low and the maximum vegetative 
= condition of the fields, the values 
PRECIPITATION, probably would have a _ seasonal 
In IncHES 

Item Variety trend.’ 
0.60 | 1.00 | 2.00 | 4.00 Studies by the Southern Appala- 
> ee SEE PE IEE ETS I Forest Experiment Station, 
3 | Vins inccab: .27:| O12 | O28 | Ogg |°24 Shown in Items 1 and 2, Table 1 


indicate the range of canopy inter- 
periment Station” ¥'*Halnfal intereeption," by Rab. cePtOn, in inches of depth, for storms 
ae Horton, Monthly Weather Review, September, throughout the year. — The values in 
+= tem 3 were determined by Robert 

E. Horton, M. Am. Soc. C. E., for 
~ summer and fall conditions in New York State; whereas Items 1 and 2, Table 
1, are for the forest as a whole, Item 8 is for the projected area under the tree 
crowns. 

(b) Depression Storage-—This represents water trapped on the surface in 
natural depressions, or artificial depressions, such as furrows under ordinar 
land management. When, in addition, water is trapped or stored by structures | 
provided for that purpose, such as closed terraces, pasture furrows, or ridges, 
it is generally referred to as “‘mechanical storage.” Water retained as depres- : 
sion storage at the end of the precipitation period is disposed of by evaporation 
and infiltration, and does not contribute to channel inflow during the “flood” 
period. 

(c) Evaporation During Storm Period.—The definition of surface storage in| 


this section includes evaporation during the precipitation period. In general, 
ee eS ee 
2 Miscellaneous Publication No. 397, U.S.D.A., p. 19. . 


3“*Interception of Rainfall by Vegetati ed 
of Agronomy, 1937 (Ghpublished), SESNAHYO CANOPY E PY Ayan orres 
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this is materially less than 0.01 in. per hr, and is of little importance even 
‘with respect to minor floods. For long rains and for heavy vegetal cover, 
evaporation from canopy interception may cause an appreciable apparent 
increase in interception losses. 

(d) Surface Retention; General.—In the course of deriving infiltration- 
capacity values for small gaged watersheds, rainfall and surface runoff are 
segregated for separable portions of the hydrograph, calling At the mean time 
of infiltration opportunity for such a portion. Then infiltration capacity is 


in which precipitation P, surface runoff Q, and the surface storage or retention 
s, are values for that portion. The retention is the sum of interception and 
depression storage during that portion. The quantities P, Q, and At are 
known; by trial and elimination, values of s may be obtained which will give 
a rational set of progressively reducing values of f for successive portions of 
the hydrograph. This procedure is quite sensitive to the value of s, and 
determines it within rather narrow limits for any storm period producing 
surface runoff. For the watersheds at Edwardsville, Ill., and Garland and 
Tyler, Tex., the value of s for crop land and ordinary meadow was between 
0.05 in. and 0.15 in. and up to 0.25 in. for Bermuda grass pasture. There 
were characteristic variations depending on the extent to which interception 
was filled out of prior rain. 

- Interception represents a definite abstraction from precipitation and a 
small but definite reduction in channel inflow for good vegetal cover as com- 
pared to bare or fallow land. It appears to make little difference whether it 
is filled out of light, immediately antecedent rain, or out of the.main body of 
flood-producing precipitation. In the first case, it prevents increase of soil 
moisture to the extent of its value, with a concurrent prevention of a decrease 
in initial infiltration capacity. In the second case, it is equivalent to a decrease 
in precipitation intensity at the ground surface. 

Depression storage can appear only after surface runoff begins. For 
ordinary cultivation or pasture, it seems rarely to exceed 0.10 in. This value 
does not include surface runoff into large sun checks or shrinkage cracks which 
appear in clay soils with low moisture content. Such water is treated herein 
as infiltration, even though not immediately disseminated into the soil mass, 
thus leaving depression storage as a value related to the soil in its swollen or 


uncracked state. 
INFILTRATION CAPACITY 


_ The conception of infiltration capacity is relatively new in hydrology. It 
was defined by Mr. Horton in 1935 as—‘‘The maximum rate at which the soil, 
when in a given condition, can absorb falling rain.’’* Thus it is seen that the 
term “capacity” in this connection has no relation to volume, but is a limiting 


infiltration rate. 
4 “Surface Runoff Phenomena,” by Robert E. Horton, Paper No. 101, Horton Hydrologic Laboratory, 
February 1, 1935. 
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Since 1935, infiltration-capacity values have been determined for a great 
variety of conditions. It seems clear that every soil and cover complex has a 
related characteristic curve of decreasing infiltration capacity values during 
a precipitation period. Mr. Horton also stated* that ‘‘as a rule, infiltration 
capacity of a given soil passes through a cycle from storm to storm,” and 
illustrates the character of the recovery of infiltration capacity between 
precipitation periods; further ‘‘as the character of the soil and its moisture 
history are known for a time preceding a given rain, the infiltration capacity 
which it will have at the time of the rain can, in general, be closely predicted.” 

These conceptions have been verified by more recent investigations. The 
understanding of this writer with respect to the mechanics of infiltration and 
the elements which control infiltration capacity have been presented in another 
paper.» Much additional research will be needed for a complete understanding 
of the factors that control infiltration capacity. It is sufficient at this time 
to accept as a fact that each soil and cover complex has a related infiltration- 
capacity curve, that the values will follow a definite decreasing progression 
during a period of precipitation where intensities are in excess of infiltration- 
capacity values, and a somewhat modified curve during the period of precipi- 
- tation where intensities are less than infiltration capacity. 

Mr. Horton’s statement with respect to the recovery of infiltration capacity 
between rains may be illustrated from Fig. 1, the results of a fragmentary 
study of one watershed at Waco, Tex. The symbols in this curve are defined 
as follows: 


fi = initial infiltration capacity, inches per hour; 

fc = minimum infiltration capacity, inches per hour; 

F = mass infiltration in a storm, inches of depth; 

T = compact time of storm (actual time shown in parentheses); 
BR = basic retention, inches of depth; 

r = rate of recovery, in inches per hour per hour; 
Ra = rainfall, in inches of depth; and 

K = constant in the equation. 


fifa Ki (ARH fe Ab) bs coe. de (2) 


For lack of better knowledge, the rate of recovery r is shown as a uniform | 


straight line between rains. Further studies will indicate the type of curve 
which this recovery really follows. It is interesting to note that these average 


rates of recovery are of the same general order as evaporation from water 


surface, and show the related seasonal change. 

Characteristic curves of infiltration capacity which were derived in the 
course of investigations on the Trinity River basin in Texas (see Fig. 2) are 
shown in Fig. 3. 


It will be noted that the original definition used the phrase “soil * * * can _ 


absorb.” Mr. Horton undoubtedly referred to the actual absorption of 
precipitated water minutely into the soil mass. For certain soils which develop 
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large cracks or sun checks when dry, it seems more convenient to treat infiltra- 
tion as the disappearance of water below the general ground surface. This 
results in including, as part of the infiltration capacity, the rate at which 
surface water runs into open cracks. The effect of this inclusion produces 
relatively high infiltration-capacity rates at the beginning of the storm, de- 
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creasing sharply when the cracks are filled or become closed., However, this 
inclusion appears to be treated as part of depression storage, and this element 
_would then be quite different in character for a particular ground surface in a 
normal uncracked condition, and for the same surface after large cracks have 
developed. The effect of this inclusion is particularly reflected in the high 
initial capacities and the rapid drop in capacities shown by the curves in 
Figs. 3(a) and 3(b). 


SUBSURFACE RETENTION AND DETENTION 


It is obvious that that part of the soil moisture which satisfies capillary 
deficiency is definitely held in the soil and cannot become an element of stream- 
channel inflow. Accretions to soil moisture in excess of this amount represent 
free water, subject to the laws of ground-water movement. If the ground- 
water gradients are sufficiently steep and the porosity relatively high, such 
water may pass laterally to the stream margins or back to the surface at lower 
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lying areas, and may become an important element of the stream channel 
inflow during the use of the related hydrograph. On thin-soiled watersheds 
in mountainous regions a large part of the rise of the hydrograph may be 
produced by such “‘quick return subsurface flow.’’ In some such areas, surface 
runoff may be extremely rare; in other cases where ground-water gradients are 
flatter, subsurface contributions to stream flow may come later than those 
from surface runoff resulting in an extended or possibly a double-peak hydro- 
graph. Much information has become available with respect to characteristics 
of the hydrograph rise where inflow is largely ‘‘quick subsurface return water,” 
but, as far as the writer is aware, no practical technique has been presented 
to the engineering profession that would permit quantitative evaluation of 
channel inflow from precipitation where subsurface inflow predominated, and 
for many drainage basins basic data are inadequate for this purpose. It is 
understood that basic data have been obtained and that such techniques have 
been developed by the flood control technicians of the U. S. Department of 
Agriculture. It is to be hoped some information of value in this field may 
become available in the course of the discussion of this paper. 


ENGINEERING TECHNIQUE 


As basic data have become available, engineering techniques have been 
developed for the evaluation of the flood flow which will result from specific 
precipitation occurrences; these utilize the quantitative values of the controls 
exercised by the land. In general, depending on the character the land con- 
trols, the techniques will fall into two classes. 

Class 1.—Infiltration capacity is small to moderate in class 1, and stream- 
channel inflow occurs predominately as surface runoff. For this class a 
satisfactory technique is described in its application to the Trinity River basin 
in a succeeding section of this paper. This situation applies quite widely to 
cultivated and grass lands. 

Class 2.—For class 2, infiltration capacity is generally large. Stream- 
channel inflow as surface eee is a small part of the whole. Stream-channel 
inflow occurs predominately as ‘quick subsurface return flow.” Infiltrated 
water is retained up to the amount of capillary moisture deficiency. This 
quantity has been referred to herein as ‘‘utilizable storage,” but it may be 
retained also in part by percolation to deep water tables, and may arrive at the 
stream channel later as sustained base flow. Quantity and rate of stream- 
channel inflow also will be controlled by soil porosity and ground-water 
_ gradients. This situation is found principally in thin-soiled areas of steep 
topography. Much basic data are becoming available from which quantitative 
values of the land controls can be derived, but satisfactory techniques appear 
to be still in the process of development. 


PART II.—THE ROLE OF LAND IN DETERMINING STREAM- 
CHANNEL INFLOW WITHIN THE EAST FORK OF THE 
“TRINITY RIVER DRAINAGE BASIN. IN TEXAS 


The physical conditions underlying the problem presented by the East 
Fork of the Trinity River drainage basin are typical of much of the land area 
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which is susceptible to. continuous agricultural use. Under these conditions, 
subsurface inflow to the stream channel is generally small during the rise of 
the hydrograph, and commonly constitutes less than 10% of the “flood” 


volume. Runoff is almost entirely surface runoff. The land abstracts a 


certain quantity of water above the ground surface—initially through inter- 
ception and later through depression storage—and removes a considerable part 
of the precipitation into the soil through infiltration. For moderate storms 
producing small “floods,” the effect of surface storage may be important. For 
great storms, the reduction effect of the land is determined almost entirely by 
the contemporary relative values of precipitation ratio J and infiltration 
capacity “‘f.” 

The drainage basin to which the application herein described was applied 
is outlined in Fig. 2, and has an area of 831 sq miles. The objective of the 
investigation was to determine the reduction in flood flow that would be 
expected to result in the application to this area of the Department of Agri- 
culture program for change in land use and management. An investigation 
was conducted by the writer with the advice of the other members of the 
Engineering Consulting Board of the Department of Agriculture (R. E. Horton 
and L. K. Sherman, Members, Am. Soc. C. E.). The staff available for this 
work was furnished in considerable part by the flood control organization of 
that department under the supervision of Howard L. Cook, M. Am. Soe. C. E. 


Basic Data 


The basic data available consisted of (a) stream flow, (6) precipitation, 
(c) infiltration capacity and surface retention, and (d) soil and land use. 

(a) Stream Flow.—The stream flow data consisted of a 16.5-yr record at 
Rockwall, Tex. The last 5.5 yr of this record was selected for the purpose of 
this study. During this period, 35 significant rises of the stream occurred; 
and these records then were found to represent, satisfactorily, the range of 
flood stages contained in the longer record. 


(b) Precipitation.—Information concerning precipitation was available from — 


the rain-gage stations indicated in Fig. 2. During the first part of the 5.5-yr 


period the only recording rain gages were those at Fort Worth, Tyler, Garland, — 


and Dallas, Tex. During the latter part of the period, records were also 
available from the recording gages in Texas at Bonita, Denison Dam, Grant, 
Mount Pleasant, and Lindale. For many of the nonrecording gages the 


—_- 


observers’ records were adequate to determine the rainfall in periods of less’ 
than one day. On the whole, however, the precipitation information was — 


much less adequate than was desirable, and this inadequacy accounts for some __ 


of the discrepancies in the results. 
(c) I nfiltration Capacity and Surface Retention.—Detailed rainfall and runoff 
records were available for several classes of land use at the experimental 


stations of the Department of Agriculture at Garland and Waco. From these _ 


could be derived the regression curves of infiltration capacity, relation of initial 
infiltration capacity to antecedent conditions and approximate values of 
“surface retention” taken to include interception and depression storage. 


¥ 
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(d) Soil and Land Use.—Except for a negligible percentage of the drainage 
basin area the soil is typical of the Texas Blacklands. A detailed survey of 
the land use had been made and the Department of Agriculture had prepared 
each program for the revision of land use and management. The distribution 
of land use with respect to vegetal cover for “‘present’’ conditions and for 
“after” adoption of the Department’s program is shown in Table 2. A study 


TABLE 2.—Description or Lanp Use 


“BEFORE” “AFTER’’ 
Description 

Acres % Acres % 
Cultivated untreated and contour cultivation and idle................ 380,003 72 40,607 if 
Merraceduand: strip cropped .. 2.0m a bise es os sWaa bb va wlsedesd becleh 0 0 182,330 34 
Strip cropped with grass or small grain.............cccccecececceees 0 0 78,551 15 
PSCC OED ASUILE Weta Mette era ee ee ee Co ee a eee Mart eee. 82,387 Lot Ate Gere oe 
UTEP UD Ae BUTG a MMete he ties aiseckay ys sasi etc its < aussie re hab seda ra en ew acd earn pil Eawlloe os .. || 167,624 32 
EE CROIEL EW OOU Laer ie is Sar ee lo ge ce ee eee ee Halen Tee Bae sak 37,540 TNO Reena toe ne 
PRIDMECR OO CAN re? secs entra Rte «5 Mepkalal el verdyacaterek SuaaePec ate cvere ila Shades oe aie 30,818 6 
AMIS TOA ATC MON-LALIN.« wi.cte¥e cles fue co ters Fic Slawld tee ose vase ole snake 31,910 6 31,910 6 
I Giiet erm th oe a NN cisarie sore een hc tecacatest Seca hy CoM as len oi ees nee, « 531,840 | 100 | 531,840 | 100 


of the land-use survey and of the proposed program showed that the various 
classes of land use were reasonably well distributed throughout the basins 
and the percentages in Table 2 would apply equally well to each of the ten 
subdivisions. — 


MrtTHODOLOGY 


The methodology employed involved eleven steps, as follows: 


1. Collection and correlation of all available precipitation data for each of 
the thirty-five storms; 
2. Preparation of the most probable precipitation intensity patterns; 
3. Derivation of infiltration capacity curves for the Blackland soil and 
various classes of vegetal cover; 
4. Correlation of infiltration capacity with antecedent conditions; 
5. Application of derived data to the evaluation of surface runoff; 
6. Computation of the excess rainfall, hour by hour, throughout the storm; 
7. Transformation of precipitation excess into mean values on each of ten 
sub-areas; 
8. Comparison of mean computed surface runoff with actual surface runoff ; 
9. Determination of excess rainfall for “‘after’’ conditions; 
10. Computation of flood-flow reduction resulting from the effective 
adoption of the program; and 
11. Determination of flood-stage reduction, and reduction in area inundated. 


Step 1.—The character of the available precipitation data has been described 
previously. The correlation from the information in the various standard 
gage stations with that at the available recording gage stations involved 
considerable tedious detail and some actual detective work in the interpretation 
of the cooperative observers’ reports. Some of the observers made excellent 
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records giving the time of the beginning and end of each such part of a storm 
period and the amount of precipitation in each part. Others gave only daily 
totals and the reports were often misdated. 

Step 2—The preparation of the most probable precipitation intensity 
patterns at each of the precipitation stations utilized for the specific storms 
(generally using five to eight stations) involved first, the plotting of the precipi- 
tation pattern by hourly intervals at the recording gage stations; and then the 
data given by the cooperative observers were placed in a similar pattern form. 
When the cooperative observers gave the time of the beginning and ending of 
each precipitation period, the shift in timing and in amount of each such 
period between the recording and cooperative station was evident. When this 
information was not available the timing was proportioned between recording 
gage stations or between stations where the timing was given on a basis of 
relative distance and position. For full-area storms it is believed that the 
resulting patterns are quite representative of the actual occurrence. For 
partial-area storms the problem was more difficult, particularly that of deter- 
mining the total area covered by the storm. If two recording gage stations 
had actually been available within the drainage basin itself, the work required 
under Steps 1 and 2 would have been reduced by at least 75% and the signifi- 
cance of the resulting probable precipitation patterns would have been in- 
creased materially. 

Step 3—The problem of deriving infiltration-capacity curves for the 
Blackland soil and various classes of vegetal cover was simplified by the fact 
that, to all intents and purposes, only one soil type occurred in this basin, and 
that the variations in infiltration capacity were primarily those growing out 
of the difference in vegetal cover, and of antecedent conditions. 

Infiltration-capacity curves were derived from the rainfall and runoff 
records available for a large number of small watersheds at Waco, and for 
several similar watersheds at Garland. The soils at both places were con- 
sidered to be fundamentally the same. A review of the resulting infiltration- 
capacity curves, however, indicated a slight difference, between those from _ 
the two stations, which was adjusted in the final averaging. 

The basic data were available for cultivated untreated land—that is, 
normal corn and cotton fields—for cultivation under the strip-cropping method 
and for grass meadow. Infiltration-capacity values were derived from all 
storms for a 2-yr period at Waco, and a 1.5-yr period at Garland. For some 
short storms, on some watersheds, only one point on an infiltration-capacity 
curve could be determined; but for many of the storms relatively complete 
curves could be derived. The derived curves were first condensed in time, 
to the form they would have if produced under continuous excess precipitation, 
on the hypothesis that 

fu ~ja'="K (AP Sf. A0. 22. eee (3) 


in which f; is infiltration capacity at time t,, AF is mass infiltration in time 
At = t2 — ti, and f, is the minimum final value of f. The condensed curves 
then were averaged by seasons for each station and then averaged for seasons 
for the entire data. Some information of value was also secured from in- 
filtrometer runs. 
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The average curves were prepared directly from the basic data for the 
aforementioned three classes of cover. For those classes of cover which did 
not occur at the Waco or Garland stations, intermediate values were determined 
from the study of data on other experimental stations where records from such 
additional cover class were available and comparable. The curves for the 
remaining complexes were correlated in time with that for the “cultivated 
untreated” land by observing the time differences between occurrences of the 
same infiltration-capacity values under different vegetal covers, in each of the 
storms studied. The resulting curves for all classes of cover under considera- 
tion are shown in Fig. 3. 

Step 4.—In addition to the derivation of the regression curve a correlation 
was developed between an index point (f = 0.4) on the master curve (that for 
“cultivated untreated” land) and the antecedent conditions which appeared 
to control the position of this curve at the beginning of the storm. 

The correlation of antecedent conditions is an operation essential to the 
use of infiltration-capacity curves and is a matter which has been given too 
little attention. 

For each of the storms studied the mass infiltration, occurring in the storm, 
prior to the time infiltration capacity reached a value of 0.4 in. per hr, was 
calculated. This is the value for Ff; which for the average curves was later 
endorsed on Fig. 3. These values of F were plotted as ordinates on calendar 
paper for the full year, and a preliminary average curve was drawn through 
the resulting points. 

_ The departure of the points from the average curve was then studied in 
terms of antecedent precipitation, and after a number of trials it was found 
that a new and much smoother curve would be produced if, to the values of 
F,, a weighted value of precipitation was added during the antecedent thirty 
days. This weighted value took the final form of Mz = )> (Fa Kz,), in which 
F, was the mass infiltration during a particular storm occurring tg days prior 
to the storm under consideration; K varied from 100% for a time, ta, of one 
day down to 10% for a period of thirty days. 

- This second correlation curve was quite significant. A study of the 
remaining departures from it indicated that these were primarily related to 
more general variations in soil moisture in different years, and could be recon- 
ciled by adding a final value, M,, equal to 5% of the excess or deficiency of 
precipitation for ninety days preceding the aforementioned thirty days. The 
final M-curve in Fig. 4 has been referred to as an “effective moisture index.” 
It is generally rational in form to the extent that it represents the antecedent 
accretions to soil moisture. It is theoretically defective in that it relates the 
loss of soil moisture only to elapsed time and does not reflect, directly, tempera- 
ture or wind. However, these factors are involved in the seasonal position of 
the curve. Although the M-curve as a whole is entirely empirical in form, 
a test of its use indicated that it would place the infiltration-capacity curves 
quite accurately in the storms from which they were derived. It was used 
with confidence, therefore, in the application procedure described in the 
subsequent steps. Later studies have shown that, because of the small amount 
of data originally available for the midsummer and early fall periods, the 
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position of curve should be revised for July, August, and September, and 
should be raised somewhat in these months. In particular, this reflects a 
sharp change in soil structure which occurs during these months and which 
produces excessive soil checking and aggregation. 

Step 5.—For each of the thirty-five storms in the selected record for the 
Trinity basin, antecedent precipitation was reduced to antecedent infiltration | 


Values of M 


June July 


Fic. 4.—SmasonaL VaLuEs oF M, tue “Errective Motsturn’’ InpEx 


and was weighted, as described in Step 4, to determine the value of M,. The’ 
ninety-day value of M, was taken also from the Weather Bureau records.: 
Subtracting the sum of these two from the ordinate on the M-curve (Fig. 4) 
gave the value of F, or the mass infiltration which would have to occur during; 
the storm period before the infiltration capacity reached the value of 0.4. 
With this information it was an easy matter to place the correct seasonal. 
average infiltration-capacity curves in their proper position on the rainfall! 
patterns. Highly variable or somewhat intermittent precipitation required: 
the expansion of the infiltration-capacity curves, in time, reversing the- pro- 
cedure for condensing them, described in Step 3. Where there were gaps ini 
the precipitation pattern of several hours or more, recovery of the infiltration: 
capacity across the gaps had to be evaluated separately. An example of the 
resulting work diagram for the first 6 hr of a 7-hr storm is shown in Fig. 5, 
with computations for three of those hours in Table 3. 

Step 6.—From the related precipitation intensity rates and infiltration- 
capacity values, the excess rainfall was computed hour by hour throughout 
the storm. This excess rainfall for ‘present conditions’’ (conditions before 
adopting the land-use program) was modified by making deductions for 
interception and depression storage, the resulting net value being taken as 
equivalent to surface runoff. 

Table 3 shows the values of surface storage in Col. 5, entitled “Retention,” 
and the percentage of occurrence of various complexes in Col. 9 entitled 
“Weighted Values of Land Use.” The values of excess rainfall P, by hours 
for each condition are shown in Col. 12, Table 3. This illustrative computation 
is for only one of the rainfall stations used in the basin. Similar computations 
were made for the remaining stations, and excess rainfall by hours, for the 
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basin or for the sub-basin, represent weighting of the values of each separate 
rainfall station. 

Step 7—The precipitation excess at each of the rainfall stations was 
transformed into mean values of precipitation excess on each of ten sub-areas, 


TABLE 3.—ComputTaTION OF PRECIPITATION Excess, STORM OF APRIL 28, 
1940; GunTER STATION ON THE TRINITY RIVER WATERSHED 


WEIGHTED VALUES 


Pre- Infil- ‘ To- 
eg ; Mechan- ae i a 
. cipi- | tration _,|Reten- | Net : _ tal 
Time ranges tation | capacity I-f li tion | Ps Mo Es Tan Mechan-| net 
ii i ey Ru ical Ru 
wee storage 
(1) (2) (3) (4) (5) (6) (7) (8) | (9) | (10) (11) (12) 
(a) Berore ApopTinc LanD-Usb PROGRAM 
1 p.m. to 2 p.m. 
Curve 1 1.56 0.47 1.09 | 0.06 | 1.03 0.72 | 0.74 
Curve 2 1.56 0.86 0.70 | 0.08 | 0.62 0.15 | 0.09 
Curve 3 1.56 1.74 Be ron 0 0,07 1a re Ae 
Curve 4 1.56 0.24 1.32 | 0.03 | 1.29 0.06 | 0.08 me 0.91 
2 p.m. to 3 p.m. 
Curve 1 0.14 0.10 0.04 0.04 0.72 | 0.03 
Curve 2 0.14 0.23 ives 0 0:15*| Made 
Curve 3 0.14 0.30 ies 0 0.07.) ss.508 she cee 
Curve 4 0.14 0.05 0.09 0.09 0.06 | 0.01 is 0.04 
3 p.m. to 4 p.m. 
Curve 1 0.30 0.04 0.26 ¥; 0.26 0.72 | 0.19 
- Curve 2 0.30 0.13 0.17 | 0.03 | 0.14 0.15 | 0.02 
Curve 3 0.30 0.17 0.13 | 0.06 | 0.07 0.07 | 0.01 wide Aca 
Curve 4 0.30 0.02 O:285)- Se 0.28 0.06 | 0.02 his 0.24 
(6) Arrer ApoptTine LAND-Usr Program 
a ee ee ae 
1 p.m. to 2 p.m. 
Curve 1 1.56 0.47 1.09 | 0.08 | 1.01 ee 1.01 | 0.07 | 0.07 Side sae 
Curve 5 1.56 0.51 1.05 | 0.09 | 0.96 ee, 0.96 | 0.34 | 0.33 eS 5 
Curve 6 1.56 0.64 0.92 | 0.09 | 0.83 Red 0.83 | 0.15 | 0.12 aaots Sic 
Curve 7 1.56 1.22 0.34 | 0.10 | 0.24 0.02 0.22 | 0.32 | 0.08 0.02 at 
Curve 8 1.56 2.34 be cpa See ters ane ot 006.4 See CHO a. 
Curve 4 1.56 0.24 1.32 | 0.03 | 1.29 Bar ... | 0.06 | 0.08 orks 0.66— 
2 p.m. to 3 p.m. 
Curve 1 0.14 0.10 0.04] ... -| 0.04 Ren ssa) |. OL0%A)\ ene Sia awa 
Curve 5 0.14 0.11 0:03 | Fee 110.03; Axcis ... | 0.34 | 0.01 ere a 
Curve 6 0.14 0.18 nacre wets eu amen sore hOsdou|| cs weal hoe 
Curve 7 0.14 0.27 wae Hn a8 ie sate [COsoe | ee pe, an 
Curve 8 0.14 0.34 Sys Eat Rake ae ieactal GOGH) ey, oe Pe... 
Curve 4 0.14 0.07 O07 1° 2 Se nOl0% fs Boe) al PORT cis he ye, es 0.01 
3 p.m. to 4 p.m. y ; 

i Curve 1 0.30 |. 0.04 O26" ee 0.26 AKL eee | 0:07, 10:02 wee a 
Curve 5 0.30 0.04 0.26 | se [026 ateee ... | 0.34 | 0.09 Hin Ae 
Curve 6 0.30 0.10 0.20 eae VOEZO: iad see 0,15 | 0.03 adie a 
Curve 7 0.30 0.15 O16 ee 0.15 wae ... | 0.32 | 0.05 0.01 =a 
Curve 8 0.30 0.18 |0.12] 0.10 |0.02] ..: 550, ON ae , 
Curve 4 0.30 0.02 0.28] ... | 0.28 “ ... | 0.06 | 0.02 aa 0.20 

tt Oe 


2 The curve numbers refer to points plotted in Fig. 5. The computations for the excess from 4 p.m. to) 
5 p.m. were not included in the table. 


and these mean values in turn were weighted to determine the mean value: 
over the entire basin above Rockwall. 
Step 8.—The mean value of computed surface runoff was then compared to } 


the actual surface runoff as measured at Rockwall, and a percentage correction | 
factor was determined. 


& 
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Step 9.—The parallel procedure for “after’’ conditions (after adopting the 
land-use program) results in a determination of excess rainfall for “after” 
conditions. This computed excess rainfall is modified, not only by making 
deductions for interception and depression storage, as in Step 6, but must be 
modified further by making deductions for storage in mechanical structures 
on the ground. The resulting value of surface runoff when thereafter revised, 
through the application of the foregoing correction factor, becomes comparable 
with the actual measured surface runoff under ‘present conditions” (Table 3(a)). 

Step 10.—The difference between these values represents the calculated 
flood-flow reduction in inches, resulting from the effective adoption of the 
program, and the percentage relationship between the two represents the 
percentage of flood reduction produced by the program. 

Step. 11.—For all of the thirty-five flood rises the actual stage hydrographs 
at the Rockwall Station were available. Through the use of hydraulic engi- 
_ heering procedure, involving distribution graphs, comparable hydrographs at 

Rockwall were prepared as representative of the stages at Rockwall. 

Using cross sections, the stream slopes between them, and hydraulic factors 
derived from the Rockwall Station, and other pertinent records, distribution 
graphs were prepared for some eleven stations upstream from Rockwall. 

General.—In the course of the procedure described in Steps 5 to 7, in- 

clusive, surface runoff was evaluated hour by hour throughout the storm at 

each of the rainfall stations utilized. The values of excess rainfall in this 
pattern form were then transferred to mean values of excess rainfall not only 
for the basin as a whole but also on each of ten sub-areas. From these mean 

values for the sub-areas, mean values were determined for each hour for the 
area as a whole above each of the cross-section points. These records become 
the ‘‘excess precipitation patterns’? which were applied to the appropriate 
distribution graphs in order to produce the most probable hydrographs of 
flood flow at each particular cross-section point. 

In the subsequent step these discharge hydrographs are transformed to 
stage hydrographs, representative of the stages for both “before” and “after” 
conditions. A comparison between them results in an evaluation of flood-stage 
reduction at each of these stations. 

In a later stage of this project ‘‘before’’ and ‘after’ flood stages were 
utilized as a basis for determining the reduction of acreage inundated for each 
reach of the river and these figures were used as a basis for the determination 
of the reduction in flood damage. 


PRESENTATION OF RESULTS 


The results of the study for the thirty-five storms are presented in Table 4, 
which extends the study through to the evaluation of the reduction in flood 
“flow as a percentage of volume. In order to obtain a reasonably accurate 
representation of both rainfall depth and area covered for partial-area storms 
{Table 4, Nos. 2, 3, 6, 7, 8, 9, 15, 18, 19, 32, 33, 34, and 35) the preparation 
of isohyetal maps was necessary. For several of the storms the rainfall 
information was fairly satisfactory for this purpose and resulting maps prepared 
entirely from rainfall information were adequate for the purpose of the study, 


a 
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For storms 6, 7, 13, 34, and 35, however, the rainfall information was not 
adequate and the measured runoff was used as a-guide in preparing the maps. 
For all except these five storms excess rainfall was computed from precipitation 
and infiltration-capacity information, and the resulting values, reduced to 
mean inches of depth, are shown in Cols. 4 and 5 for comparison with the 
measured runoff at Rockwall shown in Col. 3. Col. 6 shows the correction 
factor by which the computed runoff would have to be multiplied to make it 


TABLE 4.—Summary or Basic AND DERIVED Ds 


ComPuTED Pe FoR Conpni1 


CoMPUTED Pe. FOR 


Total sur- | PRESENT CONDITIONS? P 
Sg face runoff Correc- Thiessen Method 1 
Storm Date from gag- tion 
oO. ing station |—————____—______| factor |——————__________|__——— 
a] Propor: 
Thiessen : i Storage 
Hetkod tone Total Pe. deducted Total 
(1) (2) (3) (4) (S) (6) (7) (8) 1 
1 May 3-5, 1935 2.28 2.74 2.63 0.87 2.42 2.35 2.3: 
2¢ | May 13-19, 1935 1.61 1.83 0.88 1.32 1.27 1.3 
3¢ | May 28-30, 1935 0.58 0.58 1.00 ae 0.40 
4 | June 1-2, 1935 0.31 0.25 0.38 0.82 0.17 0.16 0.3 
5 | June 13-15, 1935 3.64 3.90 4.61 0.79 3.33 3.26 4.0 
6¢ | Sept. 24-26, 1935 0.09 0.15 Bai <a amas 0.0: 
74 | Oct. 25-27, 1935 0.12 0.18 etka atale dag 0.0 
84 | Dec. 5-6, 1935 0.51 (0-95) woh fend ek a 
9¢ | Sept. 25-28, 1936 0.35 0.35) a ce site a 
10 Oct. 22-25, 1936 0.47 0.92 0.83 0.57 0.28 0.26 0.6 
11 | Dec. 1-6, 1936 0.15 0.15 0.15 1.00 0.09 0.09 0.0) 
12 Jan. 6-9, 1937 0.14 0.18 18 0.78 0.10 0.10 0.0 
13 Jan. 11-15, 1937 0.87 ° 0.87 re ibe 0.80 
14 | Jan. 24, 1937 0.17 0.16 Mate 1.06 0.10 0.10 nA 
154 | Mar. 3-6, 1937 0.25 0.24 0.25 1.00 0.15 cae 0.1 
16 | Mar. 23-26, 1937 0.17 0:07 0.10 1.70 0.04 0.04 0.0 
17_ | Dec. 13-17, 1937 0,21 0.17 0.23 0.91 0.14 0.13 0.1 
184 | Dec. 26-29, 1937 0.47 0.36 0.50 0.94 0.24 0.23 0.3 
19¢ | Jan. 20-23, 1938 2.61 (2.25) (1.16) 1.38 1.33 1.5 
20 Feb. 16-17, 1938 4.02 3.91 3.83 1.05 ' 3.38 3.31 3.2 
21 Mar. 26-28, 1938 2.61 2.79 3.01 0.87 2.47 2.38 2.6 
22 Apr. 6-7, 1938 0.51 0.53 0.67 0.79 0.38 0.37 0.5 
23 =| Apr. 14-15, 1938 0.41 0.58 0.73 0.56 0.38 0.35 0.5 
24 | June 8, 193: 0.27 0.72 0.58 0.47 0.52 0.50 0.4 
25 | Mar. 25-29, 1939 0.30 0.47 0.38 0.79 0.34 0.32 0.2 
26 | Apr. 5, 1939 1.08 1.15 1.15 0.94 1.06 1.02 1.0 
27 =| Apr. 15-18, 1939 1.62 2.19 2.19 0.74 2.02 1.95 1.9 
28 Apr. 5-6, 1940 1.75 2.10 1.93 0.91 1.91 1.82 1.7 
29 | Apr. 28, 1940 0.78 0.93 0.96 0.81 0.70 0.67 0.7 
30 | May 17-18, 1940 0.26 0.20 0.29 0.90 0.12 0.12 0.2 
31 May 22-23, 1940 0.35 0.61 0.64 0.55 0.49 0.48 0.5 
32¢ | May 26-28, 1940 0.48 0.48 0.51 0.94 0.35 0.34 0.3 
334 | June 8-12, 1940 0.19 0.28 0.68 rare 0.11 
34¢ | June 13-18, 1940 0.70 0.70 sate 0.48 
35¢ | June 28-July 3, 1940 0.87 0.87 0.57 = 


* Both Thiessen and proportional weightings shown if computed. * Surface runoff only. ¢ Base flow inel 


equal to the measured runoff. This factor is the test of the validity of the 
procedure and has been restudied for the twenty-three storms having a volume 
_of runoff of more than 0.25 in. For the purpose of such analysis the factors 
have been grouped by seasons and by amounts of runoff, and results are 
shown in Table 5. . 

In general, it appears that the use of the derived infiltration-capacity and 
surface storage data, applied in this manner, will reproduce the measured flood 
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flow to a reasonable degree and can be made equal to it through the use of a 
rather uniform correction factor. For this project the rainfall data were 
relatively unsatisfactory, particularly in the first part of the 5.5-yr period. 
No recording gage was within the basin, and considerable use had to be made 
of the timing shown on the observers’ reports. 

- It is interesting that the computed values were less than the actual stream 
flow during the winter and spring months, and exceeded the actual stream flow 


t Fork or Trinity River Asove Rockwat., Tex. 


ER’ 


1 “After” Calculated | Reduction | Calculated Mean rate;¢ 
Col, 6 correct Pe reduction in percent- |} 9-hr precipi- Crest rate? maximum | Storm 
in surface Zi before, computed 
Col. 9 storage runoff age by tation excess Mefe daily No. 
‘ deducted tin.) volume (in.) Mele 
age 
eted 
D) (11) (12) (13) (14) (15) (16) (17) (1) 
25 2.02 1.95 0.33 14.5 1.26 28.85 22.3 1 
th 1.14 1.10 0.51 31.7 0.68 11.20 9.3 2 
3 An 0.40 0.18 31.0 0.43 7.76 5.2 3 
30 0.25 0.24 0.07 22.6 0.31 4.18 2.6 4 
34 3.16 3.09 0.55 15.1 2.85 69.60 52.0 5 
5 shits 0.07 0.02 22.2 0.05 0.78 0.74 6 
& boy 0.08 0.04 33.3 0.07 0.93 0.91 7 
5 mae 0.36 0.15 29.4 0.50 6.00 5.5 8 
. he 0.28 0.07 20.0 0.35 4,63 3.1 9 
59 0.35 0.33 0.14 29.8 0.36 5.00 3.6 1 
19 0.09 0.09 0.06 40.0 0.09 1.10 1.2 ay 
19 0.07 0.07 0.07 50.0 0,08 1.02 2 12 
& ee 0.80 0.07 8.0 0.40 7.90 7.3 13 
P 0.11 0.11 0.06 35.3 0.17 1.20 Bil 14 
. agit 0.16 0.09 36.0 0.15 1.20 1,2 15 
6 0.10 0.10 0.07 41.2 0.16 1.95 ee: 16 
7 0.16 0.15 0.06 28.6 0.21 2.00 1.6 17 
6 0.34 0.34 0.13 27.0 0.27 5,20 3.7 18 
2 2.14 2.09 0.52 19.9 1.28 18.50 14.9 19 
2, 3.46 3.39 0.63 15.7 1.61 57.33 47.8 20 
37 2.32 2.22 0.39 14.9 1.02 32.40 25.3 21 
1 0.42 0.40 0.11 21.6 0.35 3.92 3.7 22 
8, 0.28 0.26 0.15 36.6 0.28 3 20 2.9 23 
LO 0.19 0.18 0.09 33.3 0.27 3.10 2.8 24 
6 0.21 0.20 0.10 33.3 0.10 1.40 1.3 25 
10 0.97 0.94 0.14 13.0 1.08 15.64 10.9 26 
2 1.46 1.40 0.22 13.6 0.88 26.00 15.8 27 
0 1.60 1.54 0.21 12.0 1,24 32.60 18.6 28 
‘1 0.60 0.57 0.21 26.9 0.78 9.70 8.0 29 
0 0.19 0.18 0.08 30.8 0.26 3.60 3.3 30 
3 0.30 0.26 0.09 25.7 0.32 3.30 3.3 31 
2 | 0.31 0.30 0.18 37.5 0.25 5.30 4.1 32 
0.11 0.08 42.1 0.16 2.30 1.9 33 
. ae 0.48 0.22 31.2 0.38 6.58 5.6 34 
; ce: 0.57 0.30 35.0 0.78 8.89 8.6 35 
ens een ee ee 


ms analyzed by use of isohyetal maps; no correction factor used. 
eo OW@a—M\wmmwanmmroaaow'v[—'"'—= 
during the summer and fall months. The most probable explanation is that 
the watersheds for which infiltration-capacity values were determined were 
largely on the uplands, and that during the winter period a part of the drainage 
area located on the lower slopes of the bottom lands had a higher average 
moisture content, a lower infiltration capacity and consequently a greater 
amount of excess rainfall than that reflected in the computations. The reverse 
difference for the summer and the fall storms probably reflects the generally 
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low moisture content and the fact that additional infiltration occurred out of 
overland flow or into the valley fills so that the excess computed rainfall did 
not all reach the gaging station during the main rise of the hydrograph. 


TABLE 5.—Correction Factors GROUPED BY SEASONS AND 
By Runorr VOLUMES 


RANGE OF FLoop VoLUME 
(Incr) DEcEMBER 1 TO Marca 15 Marcu 15 to DECEMBER 1 
From To No. of floods Q/Pe No. of floods Q/Pe 
2.0 4.0 2 1.10 +0.05 3 0.84 -+0.04 
1.0 2.0 None. cs Ota ease 4 0.87 +0.06 
0.5 1.0 1 1.00 3 0.87 +0.09 
0.5 4.0 3 1.07 +0.06 10 0.86 +0.06 
0.25 0.5 2 0.94 +0.02 8 0.70 +0.16 
0.25 4.0 5 1.03 +0.06 18 0.79 +0.12 


Percentage Reduction in Volume of Flood Flow 


|e 


(0) 10 m2 30 40 50 
Maximum Daily Average Rate of Discharge,in Thousands of Cu Ft per Sec 


Fig. 6.—FLoop Repuction Curve, East Fork oF Tom Trinity River Near Rockwat, Tex. 


Referring to the infiltration-capacity curves in Fig. 3(6), it will be noted 
that they are similar in shape, that they are offset in time, and that they 
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- have a small but appreciable difference of infiltration-capacity values at the 
end of several hours. For the shorter storms, the difference in time position 
probably accounts for the major part of the difference in runoff—as, for ex- 
ample, between grasslands and “cultivated untreated” ‘lands. For the long 
_ storms, the relatively small differences in the lower part of the curve account 
for material difference in total runoff. 

The relation of flood reduction to the size of the storm is shown by Fig. 6. 
- In this diagram no effort has been made to distinguish between storms of 
different seasons. Storm 13 was omitted because the precipitation was partly 
snow and sleet. 

It is of speculative interest to determine from these data what the relative 
difference in runoff would be if the entire drainage basin had been uniformly 
in one type of vegetal cover. As an illustration, the values of excess rainfall 
or total runoff for one storm have been summarized separately for each class 
of cover. The results of this illustrative computation for the East Fork of 
Trinity River at Rockwall (storm of April 28, 1940) are as follows: 


Discharge, in Cubic Feet per Second: 


VARS Lah ae RRA seid AY ine Pam IS oe a NCI de Beis 9,850 
IBlawilic div bees onsets tan ete oe Marwehs RAR eh A leap ieiemarRi Davai | a 1,500 
Rainfall-Runoff Depths, in Inches: 
cia CUer atm ndieer ee fhe ee Ril eee eae twee ey eine 2.38 
PeereMLCCIEUNOUN Ri, oh mvar tT eRe: ost Oe dt eet dee tae 0.78 
SE GIAD INCU OL sh atte occ soe ees cle als fe hoes moe reg 0.96 
Correction factor to be applied to all computations (%)........ 81 
The computed and corrected volumes of runoff are: 
PaO EGU CEAONS Prone bin cao a ee ees ee oa ial ee auee 0.78 
iepartment of Agriculture programe). 82.0406. ene. pee 0.57 
Entire Basin: 
Cultivate dsuntrente disgrace ee yaeon ita: ee atone ee oe ae 0.89 
Ber COME TOSS b (LVS AB Randa da. nsdgembdndPare oncbahinnamoanopeed icusite aay er omer 0.45 
Wier ACEO PSStULG sr o.-< «ian Wie ania ls weiiegh gaan 5 agen 0.16 
PPEORE GUE VDE WOOUS | eee ise cc fe, oat cnacianty on sane 0s > len ct aes 0.12 
Riera ee OOURS Aine oo ae mero Alsat oats tate wo ad Pee em 0.08 


~ Undoubtedly a similar computation for the larger floods would show somewhat 
~ less difference between runoff under the different types of cover. The foregoing 
- is illustrative of the effect of cover on the retention of the water, for one single 
soil type. 

TRANSLATION TO CREST RATE AND STAGE REDUCTION 


The procedure described in Step 11 is outside of the scope of this paper 
- since it is in the field of the channel phase of runoff and not of the land phase. 
It has been described merely to show the continuity of the technique and the 
relationship of the end-point results to the objective of the particular study. 
As a matter of interest the summary of the results of the applications under 
Step 11 are shown in Fig. 7 in terms of the reduction in crest-discharge rate 
at Rockwall for storms having the average recurrence intervals indicated as 
abscissas. Comparing Fig. 7 with Fig. 6 it will be noted that there are material 
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differences in the position of the individual points, as would be expected from | 
the differences in the shape of different hydrographs. The resulting mean 
curves, however, on the two figures are quite similar. For the larger storms 
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Fiq. 7.—ReEpvuctTion In Crest DiscHarGre RATE 


the percentage reduction in crest rate is a little greater than the reduction in 
flood volume; whereas, for the smaller storms, the reverse is true. 


10 15 20 25 30 35 40 45 50 55 60 
Actual Crest Discharge (Before) in Thousands of Cu Ft per Sec 


Fria. 8.—ReEpuctTIoNn In Crest Stace 


The application of the Rockwall rating curve to the “before’’ and “after”’ 
crest rates produces the values in crest stage reduction shown in Fig. 8. Similar 
determinations were made at other cross sections along the stream. , : 


PART III—ROLE OF THE LAND DURING FLOOD PERIODS 


GENERAL 
All of the land controls have a common background and a characteristic — 
related to the geology and the climate of the region, which has been well 
stated’ by W. G. Hoyt, M. Am. Soc. C. E., and Walter Langbein, Assoc. M. 
Am. Soc. C. E.: 
“The ability of the soil and vegetation to serve as agencies for the disposal 
of potential flood-water is in a large sense a climatic factor.. It depends 


a ee ee ee i 
6 “Some General Observations of Physiographic and Climatic Influences on Floods,” by W. G. Hoyt 
and W. B. Langbein, Transactions, Am. Geophysical Union, Vol. 20 (1939), p. 166. ; 


zy 
ee 


May, 1943 ROLE OF LAND 689 


not only upon the composition and gradation of the soil and the density 
and type of the vegetation, but also upon the degree to which their 
absorptive capacity has been utilized. All of these factors are largely 
reflections of their particular climatic environment experiencing seasonal 
changes in accordance with the established climatic regimen. Two 
principal factors that influence the soil and vegetal characteristics are 
those of precipitation and temperature. Thus it is observed that not 
only do precipitation and temperature affect the supply but also the ability 
of the soil to serve as a vehicle for its disposal.” 


It is necessary to recognize that ‘outstanding flood periods” are the result not 
only of great storms, but of the coincidence of great storms, and sometimes 
lesser storms, with the occurrence of either low infiltration capacity or small 
utilizable storage condition. In the Trinity basin of Texas (not in the semi-arid 
section) autumn storms of 7 in. often produce a fraction of an inch of runoff. 
In the southern Appalachian forest region it is reported that heavy storms, 
in July and August, of from 8 in. to 10 in. sometimes have not satisfied field 
‘moisture deficiency. ; 

Studies restricted to ‘‘major flood periods” disregard the potential flood- 
producing storms that have not produced major floods. Only by studying the 
mechanics of storm runoff at all levels of flood magnitude separately by climatic 
provinces, and more definitely by soil and cover complexes, can the hydrologist 

begin to isolate the controlling factors and their quantitative ranges. 

A system of bookkeeping is needed that will reveal the values of infiltration 
capacity and of utilizable soil storage capacity in their occurrence pattern 
over a considerable period of years. When these have been disclosed from 
studies of uniform areas, and sufficiently recorded by complexes, engineers 
can match them with storm precipitation of magnitude and pattern related to 
specific frequency, and thus use a sound hydrologic basis for the evaluation of 

storm runoff. In no other way can the effect of vegetal cover be recognized. 
The results will be helpful also in rationalizing statistical records of ‘‘flood” 

occurrence, many of which must reflect the nonuniform soil and cover condi- 
tions throughout their period. 


RecEntT INVESTIGATIONS 


During the ten years since 1933, basic precipitation and stream-flow data 
have been becoming available in a steadily increasing volume and in improving 
detail. This has inspired engineers and hydrologists to new.efforts toward 
correlating cause and results, particularly in the flood phase of the hydrologic 
eycle. For example, the U. S. Geological Survey has presented an increasing 
number of Water Supply Papers of a descriptive and analytical character. 
Analyses are disclosing quantitative values of retention, in terms of subsurface 
storage capacity utilized, for particular basins of different general character. 
The quantitative values of storage capacity utilized, however, are mean values 
‘for complete drainage basins and rarely disclose the storage quantities that 
may be related to particular complexes. To permit the identification of the 
various controlling elements, particularly infiltration capacity and subsurface 
retention values with specific soil and cover complexes, they must be studied 
for areas where they are relatively uniform throughout. This may restrict 
the investigations to the smaller drainage basins, to the so-called small control 
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watersheds and the small control plots, under either natural or artificial rainfall. 
For such areas, a wealth of fundamental data has been accumulated through 
the research work of the Soil Conservation Service and Forest Service of the 
U. S. Department of Agriculture, and some of the smaller scale investigations 
of the U. 8. Geological Survey. 

The new basic data which have been collected by the research agencies are 
becoming available rather slowly in compiled form. Some of them have been 
published. From them, essential secondary data reflecting the elements of 
control by the land are being derived, and satisfactory methodologies for this 
purpose have been described in departmental bulletins and in the Proceedings 
of the American Geophysical Union. A ‘tremendous further program of 
analytical work will be needed before the data collected will all be in shape for 
widespread use in hydrologic engineering practice; and, although some of this 
work may be done under research programs in engineering schools, and some 
of it by engineering offices under pressure of specific need of information, the 
great bulk must be done by the federal bureaus—either those which have 
collected the basic data or those charged with programs to which the derived 
data are essential. 

Although flood flow cannot be unscrambled from large basins, the engineer 
can reverse the process and use measured flood flow as a check on synthetic 
computations. When the values of infiltration capacity or of subsurface 
storage capacity are determined for the commoner soil and cover complexes, 
when these are applied to a series of actual precipitation patterns, and when 
the excess water is weighted in proportion to the distribution of the complexes 
in a basin, a synthetic value of retention by the land and vegetation, and of 
the complimentary runoff, can be obtained. If these computed values repro- 
,duce, significantly, measured flood flows over a sufficient range of storm and 
antecedent conditions, then both the unit values for the complexes and the 
propriety of the methodology used would appear to be sufficiently confirmed. 

Thereafter, both the derived data as to controlling elements and the form 
of procedure may be re-used, for example, to evaluate: 


(1) The changes in flood-flow characteristics which probably have occurred 
during the duration of a gaging station record on account of changes in land 
use and cover; 

(2) The changes in flood flow that would occur under an expected future 
plan of land use and management; and : 

(3) The most probable flood-flow values for a basin for which no stream- 
flow records are available, either with regard to some specific storm or in the 
form of\values for storms of various frequencies. 


/ 


‘Lack of space precludes the use of illustrative material, other than the 
technique applied to the Trinity River; it may be hoped that other applications | 
will become available in the course of the discussion. It is also to be hoped 
that at a later time the somewhat different effect of the land under snow and ice 
conditions will be presented in some detail. 
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A SYMMETRICALLY LOADED BASE SLAB ON 
AN ELASTIC FOUNDATION 


By STANLEY U. BENSCOTER,! JUN. AM. Soc. C. E. 


SYNOPSIS 


In the design of a base slab it is common practice to assume the reaction 
distribution and compute bending moments by statics, or by elastic theory if 
the slab is part of an indeterminate frame. In the latter type of case, fixed-end 
moments and stiffness values are computed as fof an ordinary beam or slab 
with fixed load distribution. The object of this paper is to develop a method 
of analysis which takes account of the effect of the rigidity of the foundation 
upon the reaction distribution. The base slab extends between two vertical 
walls to which it is rigidly connected. The slab is considered to be acted upon 
symmetrically by thrust, shear, and moment from the vertical walls. Formulas 
and graphs for stiffness and fixed-end moment values are presented so that 
‘moments can be obtained by moment distribution. 


NotTATION 


The letter symbols introduced in this paper are defined where they first 
appear and are assembled for convenience of reference in the Appendix. 


REACTION-DISPLACEMENT RELATIONSHIP 


A reasonable shape of the displacement and reaction diagrams for a base 

‘slab is obtained if the assumption is made that the upward reaction, w, at 

each point is proportional to the downward displacement, z, at that point. 
This assumption is expressed by 


‘in which & is the foundation modulus. This simple manner of foundation 
behavior is assumed for convenience. The relationship is exact for a slab 
floating in a liquid and may be called the basis of the ‘‘floating slab” theory. 
If the foundation is elastic, isotropic, and homogeneous a correct solution 


Nors.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by October 1, 1943. 
1 The Engineer Board, Bridge Section, Fort Belvoir, Va. 
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could be obtained by replacing the constant k by the reciprocal of an influence 
function. At present, any assumed relationship between displacements and 
reactions for a slab resting on a soil subgrade must be regarded as an 
approximation. 

The constant & may be obtained experimentally from a plate-loading test. 
A stress-displacement curve is plotted and the average slope of the curve in 
the working range is determined. This slope is the foundation modulus. It 
is essential that the loaded plate have at least 5 sq ft of area. Values of k for 
soil commonly range from 100 to 200 lb per cu in., although greater or less 
values are not unusual. The lower value of 100 lb per cu in. is recommended 
for design purposes when the results of plate-loading tests are not available. 
For more rigid foundations, such as shale or limestone, an estimate of a reason- 
able value of k for design is given (in pound-inch units) by: 


EH’ 


in which £’ is the modulus of elasticity. The application of floating slab 
theory to such rigid foundations must be regarded as a temporary method of 
solution to be used only until a more exact method becomes available. 


SLOPE-DEFLECTION EQUATION FOR A SYMMETRICAL BEAM 


It is desirable to consider first the slope-deflection equation for a prismatic 
beam with symmetrical loading and symmetrical end moments, as shown in 


EI 


Fig. 1. The equation takes the following simplified form, M, = M’, + Oa5 
a 


or 


MSSM bo 0g. oe a ee (3) 
in which M’, is the value of M, when the ends of the beam are fixed; F is 


me (Negative) 


(a) FORCE DIAGRAM 


peer eee a 


(b) DISPLACEMENT DIAGRAM 


Fie. 1.—SymMeErricatty LoapEp Prismatic BEAM 


the modulus of elasticity for an isolated beam or a modified modulus of elasticity 
gue iy Spat ; 
pals if the beam is a slice of a slab; J is the moment of inertia of the beam 


or the moment of inertia of the slab per unit of width; ¢o is the stiffness of 
the beam; and @, is the end rotation angle (or end slone)t The signs of the 
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_ terms in this equation are correct for the usual slope-deflection sign convention 
at either end of the beam. In a bending-moment sign convention the equations 
are correct only at the right end of the beam. Throughout this paper a 
_bending-moment sign convention will be used, and the signs that appear in 
s the equations will be such that the equations are applicable to the right half 
of the beam. 
_ The coefficient ¢o in Eq. 3 is a modified beam stiffness for the case of 
symmetrical end moments and may be obtained readily by multiplying the 


standard stiffness? value aff by the applicable end-rotation constant® 4. 


It is apparent from Eq. 3 that do is the change in the end moment M, caused 
by a unit change in 6,, or a unit end rotation. Eq. 3 gives the end moment 
_M, as a linear function of the end slope 6,. The convenience of the moment 
distribution process of analysis arises from the fact that M, and 6, are related 
linearly. It will be shown that this same linear relationship holds true for an 
elastic slab on an elastic foundation. The formulas for fixed-end moment and 
stiffness contain the foundation modulus as well as the flexural properties of 
the slab. 

It is possible also to write the moment at any point of the beam in the same 
form as Eq. 3; thus: 
E M (ae), =A Cay ties Og ent Paes eat cee) 


The fixed-end moment M’(x) is a function of x. The stiffness do is a constant 
which, as before, is the change in the moment M(x) caused by a unit end 
rotation.» In the case of a beam on an elastic foundation, the change in 
moment at a.point xz, caused by a unit end rotation, is not a constant but a 
function of xz. Hence, the constant ¢9 must be replaced by a function of 2. 


Bram FUNCTIONS 


The base slab under consideration is regarded as a plane strain problem 
and a slice of the slab one unit thick is considered in the analysis. This slice 
may be treated as a beam. 
The beam functions to be determined are the displacement, slope, moment, 
and shear, each of which may be written in a form analogous to Kq. 4: 


(fy) =, 2! (ay Oil(G) Conve < = us 2 6) MERE Om) 
OGe ie! Gel bale) ba ccaen.s waste ens oe (5b) 
M(x). = Mi(x) 4° G4) Bo. te ba (Be) 
and 
Woy Vila el balay One tn eve ont ha « ERO) 


Eq. 5c is obtained from Eq. 4 by replacing ¢o by ¢3(x). The function ¢3(z) 
‘contains @» as a factor and may be written in the following forms, 


PO Peo es Rik epee ee me, (6) 


a ee ee 
2 “Continuous Frames of Reinforced Concrete,” by H. Cross and N. D. Morgan, John Wiley & Sons, 
Inc., New York, N. Y., 1932; p. 83. 
3 Tbid., p. 119. 
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The function S(z) remains to be determined. At the end of the beam, where 
x = a, the function $3 becomes, 


Gad). Sano rechwins aos nae ee (7) 


It is the stiffness value ¢3(a) that is needed to distribute moments by the 
method of moment distribution. The fixed-end moment at the end of the 
beam M’, is also needed. 

In actual design practice it is not necessary to compute the end rotation 
angle @,. The moment distribution process gives the final end moment M, 
without a computation of 62. If the change-in end moment from M’, to Ma 
is called AM,, the beam functions can be expressed in terms of AM, instead 
of 6,. The moment at the end of the beam, from Eq. 5c, is: 


Ma = Mg +O) Oah soncken Ute ies ee ee (8) 
Consequently, 
AMag= Me —M'a = bala) 0a. Sh) eee (9a) 
or, 
AM 
s wid we SPanectitals Ws ee aia aan a ae 9b 
$3(a) On 


Substitution of this formula for 02 into Eqs. 5 gives the beam functions in the 
following forms: 


2(z) <2’ (2) 4 Pi(t) AM a. yey toes ee (10a) 
O(2)= 0 (@) +H p(x) AMauss 2 ee ee (100) 
M(x) = M' (a) Valz) OMe. eT eee (10c) 
Via = Vi (a) ae) AM a2. ee ee (10d) 
in which 
Vila) = ot) i) 1/2) 34 ee (11). 


The fixed-end functions and the ¢-functions or ¥-functions must be determined 
by solving the differential equation which governs the displacement of an 
elastic beam. 


SOLUTION OF THE DISPLACEMENT EQuaTION 


The elastic base slab in Fig. 2 is resting on an elastic foundation. The 
forces and moments that act on the beam are shown and also the displacements 
caused by the acting forces. The reaction and displacement diagrams have 
the same shape and are proportional in agreement with Eq. 1. The displace- 
ment of a point on the elastic curve of a prismatic beam is governed by the 
following equation, 


The load w on the beam in the present case is the reaction that has been 
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expressed in terms of z by Eq. 1. Substitution of Eq. 1 into Eq. 12 gives 


d‘z k 
clan Tee =P PRR rere (6, eae Ot =C13) 


The form of the solution of this equation can be simplified by the following 
substitution, 


k 4 
Blo ec (14) 
so that Eq. 13 becomes, 
d‘z 4. 
dxt yi 2 = 0...-(15) | 
The fundamental length \ may 
_be obtained by solving Eq. 14: M, epee Che! M,, (Negative) 
r»= Jf 2 Lae (16) FORCE DIAGRAM Mee 
‘In Eq. 16 the numerator of the 
fraction beneath the radical is i a 
the standard stiffness of a unit DISPLACEMENT DIAGRAM 104 
length of the beam, whereas the Fie, 2.—Basrt Stas with Forck anp DISPLACEMENT 
denominator is the stiffness of Dragrams 


the foundation. 
The solution of Eq. 15 may be written in the following form, 


x 


r 


x 


ny 


x 


5 Pa ae eee 
2=Asinysinhy + B cos x 


x cosh 5 + C sin 


cosh 5 + D cos = sinh x . (17) 
in which A, B, C, and D are arbitrary integration constants. This solution 

contains four constants since it is the solution of a fourth-order differential 
equation. It is necessary to evaluate the constants of integration in such a 

manner that the desired boundary, or end, conditions of the beam are satisfied. 

Since the displacements are symmetrical about the z-axis, the coefficients 


of the antisymmetrical terms may be set equal to zero. 


Since it is desired to obtain the beam functions in terms of 0, the first derivative 
of z at the end of the beam must be set equal to 0.. The end shear is — F. 
These two end conditions give the following equations for determining A and B. 


dz 
[2 {h SO A et Cn EME COE IRE ei (19a) 
and 
az F 
E |, El EID path 0) Dep OREM e MOE OF Crom MOTEEe (19b) 


If the derivatives of Eq. 17 are substituted into Eqs. 19, two linear equations 


a 
7 
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in A and B are obtained, which can be solved simultaneously to obtain, 


3 
= 20 
A SET tT UY Ga: (20a) 
and ce 
u 
i Ty KOE i A ee ed ee b 
; B DAI DN Oe Se (206) 
in which 
_ sina cosh a + cos a@ sinh a (eS ee 
cosh 2a — cos2a . 
and 


sin a cosh a — cosa sinha (210) 


y= eh i teal ee 
cosh 2a — cos2a 


The functions wu and v have been introduced for convenience. They are 
represented graphically in Fig. 3. If the formulas for'A, B, C, and D are 


u 


ot 


of 


Values 


Values 


Values of @ 


Fie, 3.—Convenient Functions or a@ (sex Eos. 21) 


substituted into Eq. 17, the displacement z is obtained in the form of Eq. 5a; ; 
thus, 


F 3 3 : 
Zz (0 sin ~ sinh - + wu cos Zs cosh ~ ) 


CT X Wie | 
+0. (usin Zsinh Z — v cos cosh)... Be ha (22) | 


2m "het 
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The first term is the fixed-end function and the second term is the product of 
0, and the end-rotation, or ¢, function. 


Fixgep-Enp FuNcTIONS 


The slope, moment, and shear of an elastic, prismatic beam may be ex- 
pressed in terms of the derivatives of z by 


dz 
= SPs Ste es GO tet kit a th res eee (23a) 
2. 
M=EI oe eM ie abet TL tb! esol et is (23b) 
and 
3 
Vie Be x zeus niet tos pleas aa y's a (23) 


If the formula for z obtained from Eq. 22 by setting 0. = 0 is differentiated 
and substituted into Eqs. 28, the following fixed-end functions are obtained. 


3 
(p= rR (o sin ¥ sinh ¥ + w cos © cosh © ] Be Ree (24a) 
tes a ne Ae x pute gee 
O(a) = aET (v — u) sin y cosh + + (u + v) cos } sinh y .. , (246) ; 
M'(x) = — (sin ® sinh ® ~ » cos * cosh * ) eS (24c) 
and 
fay eg tree me Pa eer ae 
Vike) ss — 2 | + y) sin y cosh y + (wu — v) cos © sinh | ~.. (24d) 


Enp-Rotation FuNcTIONS 


. The effect of a unit end rotation on deflections can be obtained from Eq. 22 

by setting F = 0 and 6, = 1. The deflection formula thus obtained can be 
differentiated and substituted into Eqs. 23 to obtain the remaining end- 
‘rotation functions. These end-rotation functions are, 


oi(a) = 2 (u sin 3 sinh : — v cos . cosh *) ie eRe ae (25a) 
oo(x) = (u + ») sin . cosh 5 + (u — v) cos : sinh + re SOR tie, (25b) 
o3() = 3 < Z(o sin . sinh - + u cos x cosh . ) ro OR (25c) 


and 


o4(z) = ZEIT — u) sin ¥ cosh + + (u + v) cos * sinh = | >, (25a) 


r 
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It is interesting to note that the functions of z, which are contained in the 
parentheses or brackets of the fixed-end functions, appear again in the end- 
rotation functions but in different order. The fixed-end functions and the 
end-rotation functions now can be substituted into Eqs. 5 to obtain a complete 
statement of the beam functions. 


Design FORMULAS 


From the formulas that have been derived the numerical values of the beam 
functions can be computed at any point x providing either AMg, or 9q, has 
been determined. The determination of AM, rather than 0, offers the prefer- 
able method of solution since the designer is vitally concerned with end-moment 
changes but has little interest in numerical values of end rotations. Whenever 
possible, a practicing engineer instinctively prefers to deal entirely with bending 
moment values in a structure analysis. If the end moment M, can be de- 
termined by statics, then AM, can be computed from its definition as given 
in Eq. 9a. An example of this type of structure is an open water channel 
constructed as a monolithic frame, such as a spillway channel or a stilling basin. 

If the structure is indeterminate, as in the case of a closed conduit, the 
value of AM, must be determined by elastic theory. Moment distribution 
offers a convenient method of obtaining this solution. The two quantities 
needed for the moment distribution computation are the ‘‘fixed-end moment” 
and the stiffness of the slab. The formula for the ‘‘fixed-end moment” can 
be obtained from Eq. 24c by setting x = a; thus: 


in which 


Ca= 5 cosh 2a — cos2a 


—— ae) 
2 


The coefficient C, is represented graphically in Fig. 4 (curve 1). The stiffness 
of the slab may be obtained from Eq. 25c by setting « = a: 


in which S’q, the stiffness coefficient, is 


, _ sinh 2a + sin 2a 
* ~ cosh 2a — cos2a 


It is probably more desirable to express the stiffness in terms of i as given 
: a 


by Eq. 7. By comparing Eq. 7 and Eq. 27a, it becomes apparent that 


Substitution of Eq. 27b gives 


peel (eee 
- cosh 2a — cos2a 
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The coefficient S, is represented graphically in Fig. 4 by curve 2. This coeffi- 
cient reflects the effect of foundation rigidity upon the beam stiffness. 

In a large proportion of base slab designs the only quantities needed for the 

actual design are the end shear, end moment, and center moment. The end 


and Do 


Ca 
Values of Sg 


of 


Values 


“0 0:5 1.0 1.5 2.0 2.5 3.0 
Values of @ 


Fie. 4—Quvuantitigs Usep In Moment CoMPuraTIONS 


‘shear is known. The end moment can be computed either from statics or by 
moment distribution. In either case the value of AM, can be determined 
and the center moment computed from Eq. 10c by setting x = 0: 


; M,) = M’, + D, AM, ee Sasiies sy Sule isiet Pe Lopkeae! hetero this (29a) 
in which 
DAS (O Vee Sa ee (290) 


The term M’, is the center moment with ends fixed, and the factor Do is the 
change in center moment which accompanies a unit change in end moment. 
The formula for M’) can be obtained from Eq. 24c by setting x = 0: 


Deeres(Olas oe m 2 nage Be (31a) 
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Substitution of Eqs. 21a and 27b gives 


aS sin a cosh a + eo SRE 31) 
Dy = 2( Oa enol ee (316) 


The factor Dy is represented graphically in Fig. 4 by curve 3. 


PHYSICAL SIGNIFICANCE oF VALUES OF a 


A conception of the practical significance of values of a can be gained by 
studying the curves for the fixed-end moment and stiffness coefficients. Re- 
ferring to Fig. 4, curve 1, it may be noted that the initial slope of the graph 
is ; and that, for 0 < a < 1, the value of C, is approximately . . Fora > 2, 
the value of C. is approximately one half. Consequently the following ap- 
proximate formulas for the fixed-end moment can be written: 

When a < 1, 


M', = — tah: Bh Se ee (32a) 
{ 

and, when a > 2, 
M’,.> —- “ Taglar Ne ee eee (32b) 


For the range 0 < a < 1, the formula for M’, may be converted to the well- 


known formula es , in which W is the total base reaction and L is the span 
length (W =2F,and L=2a). Fora > 2 the value of M’, is only slightly 
affected by the span length, being equal approximately to one half of the 


fundamental moment FX. The three ranges of a might be classified as follows: 


Range Classification 
0O<a<l Rigid beam on flexible foundation 
laa <2 Rigid beam on rigid foundation, or flexible beam on 
flexible foundation 
2<a<cw Flexible beam on rigid foundation 


An example of the first range of @ is a reinforced concrete slab 3 ft thick and 
20 ft long resting on soil. Examples of the second range are the same slab 
resting on shale, or a slab 1 ft thick and 20 ft long resting on soil. An example 
of the third range would be the latter slab resting on limestone. : 

Referring to Fig. 4, curve 2, and Eq. 7, the stiffness of the slab may be 
approximately expressed by the following formulas: 


When a <1, 
EI 
o3(a) ~ ati tll ie # ite bushi. e ie <ayle! 6° oe aa (33a) 
and, when a > 2, 
EI 
o3(a) = © Wid aes (336) 


Thus the stiffness, for a > 2, is seen to be independent of the span length of 
the slab. 


i 
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Another method of demonstrating the physical significance of values of a 
is to plot reaction diagrams. Reaction diagrams are shown in Fig. 5 for 
a = 1 and a = 2 with the ends of the slab fixed. The unit of reaction used 


M' 


Fie. 5.—REAcTION’ DIAGRAMS 


in plotting the diagrams is the average reaction = It may be seen that for 


a= 1 the reaction is approximately uniform, but for a = 2 the variation 
from uniform distribution becomes a matter of practical significance. 


ILLUSTRATIVE EXAMPLES 

Fig. 6 shows a section of a water channel in which the floor slab is to be 
constructed without an expansion joint parallel to the direction of the channel. 
The weight of the slab itself has 
no effect upon moments or shears n+ eke 
in the slab. The weight of the {+- 
side-wall (12.4 kips per ft) has 
been computed using the weight 
of concrete as 150 Ib per cu ft. 
The values of # for the concrete 
and k for the foundation are as-. 
sumed as 4 X 108 lb per sq in. 
and 100 lb per cu in., respec- 
tively. The values of A (= 138 
in.) and a ( = at = 174) may 
be computed. From the various 
figures in the paper the con- 
stants Ca, Sa, Do, u, and v may 
be read as follows: Ca = 0.48; 


S. = 1.61; Do = 0.30; u = 0.14; 0 el 


ee B ee ae Ate compute Fie. 6.—WatTER CHANNEL (A DETERMINATE STRUCTURE) 
the center moment caused by the weight of the side-wall, as shown in Fig. 
7(a). The fixed-end values of the end moment and center moment are writ- 
ten first. From statics it is seen that the end moment must be zero. Hence, 


Pa 


30'0" 


" 4112.4 Kips per Foot 
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when the artificial restraint at the end of the slab is released, the change in 
end moment which occurs will be equal in magnitude to the fixed-end value, 
and of opposite sign. This change in end moment is then multiplied by the 


+28 03 -68 Md 5110.67 Gals + 3 
+20 am +68 AM, +46 
+48 Om Mz +49 


(a) MOMENTS CAUSED BY WEIGHT OF WALL 


+28 0.3 -68 Md 0.67 + 3 
<__—__—__ Sa ae 

—24 -81 AM, —54 

+4 -149 Mz -51 


(b) MOMENTS WITH BACKFILL IN PLACE 


Fig. 7.—CompuTaTion oF MoMENTS 


moment factor Dy to obtain the change in center moment which occurs when 
the artificial end restraint is released. The final value of center moment then 
is found by addition to be 48 ft-kips. It is interesting to compare this value 
with that which would occur with uniform reaction distribution as given by 


Fig. 7(a) also shows the computation for determining the moment at an 
intermediate point z = A, chosen for convenience. The fixed-end value of 
moment at this point was computed from Eq. 24c, and the moment factor, 
¥3(A) = 0.67, was computed by using Eqs. 11 and 25c. The moment factor 
appears in the computations in a manner which resembles the carry-over 
factor of moment distribution: : 

It is also desired to compute the moments that will occur after the backfill 
is placed. This computation is shown in Fig. 7(b). The backfill has been 
assumed to be placed to the top of the wall and to exert a pressure equal to 
that of a liquid weighing 33 lb per cu ft. The moment at the base of the wall, 
which is also the moment at the end of the slab, may be computed from statics: 


hag Hee = 


in which q is the density of the cae liquid and H is the wall height. 
Assuming an artificial restraint at the end of the base slab the fixed-end values . 
of end moments and center moments are written first. When the artificial 
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restraint is released the magnitude of the end moment will increase to 149. 
The change in end moment is then multiplied by the moment factor to obtain 
the simultaneous change in the center moment. A computation is made also 
for moment at the point x = X. 

In Fig. 8 a rectangular conduit is analyzed by moment distribution to 
illustrate an indeterminate structure. The relative I-values are assumed as 


steams 
3 Kips per Ft 


— 13.0} +13.0 


(0.25) | (0.75) 
-12.0/+16.0 


12'0"- 
1 Kip per Ft 


Gq = 
S+ + 
—~ © 
8s = 
oy I 

Mé +4.2 : 

40.06 0.15(—11.6+12.0) 
Mo +4.26 


Fig. 8.—REcTANGULAR Conpuit (AN INDETERMINATE STRUCTURE) 


shown on the left side of the center line. The stiffness values may be computed 
to be as shown on the right side. Due to symmetry the stiffness of the top 
slab includes the end-rotation constant 4. This avoids the necessity of 
carrying across the center line in the.moment balancing process. It has been 
assumed that the stiffnesses of the base slab and foundation are such as to 
give the value \ = 24 in. and hence to give a = 2. The moments have been 
distributed in the usual manner after computation of the distribution factors. 
The total change in moment at the end of the base slab has been multiplied 
by a moment factor Dy = 0.15 to obtain the change in center moment. A 
statical moment sign convention has been used in the moment distribution. 


CoNCLUSION 
A method of determining shears and moments in a base slab resting on an 
elastic foundation has been developed by using a floating slab theory. Formu- 
las have been developed for fixed-end moment and stiffness values to permit 
an analysis by moment distribution when the slab is part of an indeterminate 
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frame. Graphs of those coefficients commonly needed in practice have been 
presented. 


APPENDIX 


NovTaTIon 


The following letter symbols, used in the paper, conform essentially to 
American Standard Letter Symbols for Mechanics, Structural Engineering and 
Testing Materials,‘ prepared by a Committee of the American Standards 
Association, with Society representation, and approved by the Association 
in 1932: 
= an integration constant (also B, C, and D, see Eq. 17); 
= half-length of slab; 
= (see A); 
= (see A); - 
= a fixed-end moment coefficient; 
= (see A); 


= center moment factor; 
/ 


= modified modulus of elasticity = pia : 

= modulus of elasticity; 

= external force acting on a beam; 

= rectangular moment of inertia of a slab, per unit of width; 
= foundation modulus; 

= span length; 

= bending moment: M, = bending moment at x = a; 
= stiffness function; 

= a convenient function of a defined by Eq. 21; 

= total shear; 

= a convenient function of a defined by Eq. 21; 

= total base reaction; 

= reaction pressure; 

= horizontal coordinate; 

= vertical displacement; 


nee Sere nb aense by Sykawed 
| 


= a fundamental ratio or angle, in radians, = - : 
= slope of elastic curve: 6. = end slope or end-rotation angle; 
a fundamental length; 

= Poisson’s ratio; 


Beet sR 
ll 


¢@ = an end-rotation function: ¢9 = a beam stiffness = iaig 


~ © . a ; 
yY = an end-rotation function. 
Subscripts on z, 6, M, V, or S indicate the value of the functions when z 
equals the subscript. For example: z2 = displacement at = a. Primes on 


z, 6, M, or V indicate the value of the functions when the ends of ene beam — 


are fixed. 


es et eee 
; 4 ASA—Z10a—1932. ¢ 


2 ay 
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AMERICAN SOCIETY OF CIVIL ENGINEERS 
Founded November 5, 1852 
DISCUSSIONS 


MOMENT BALANCE: 
A SELF-CHECKING ANALYSIS OF RIGIDLY 
JOINTED FRAMES 


Discussion 


By R. J. CorNiIsH, Esq. 


R. J. Cornisu,” Esq.**—The paper originated in an attempt to adapt, to 
structural frameworks, methods of successive approximation which had proved 
successful in the study of flow in networks of pipes.** In the latter case, there 
are two basic facts: At a given junction the head is the same in all pipes; and 
the total quantity entering equals the total quantity leaving. Ina rigid frame, 
at any joint the angle of slope is the same for all members, and the sum of the 
positive moments equals the sum of the negative moments. Here the analogy 
appears to end. There seems to be nothing in a structural member which 
corresponds to the flow of water through a pipe, and it is difficult to visualize 
a moment “entering” a frame as water enters a pipe network. The quantity X 
was an attempt to represent the application of moments to the frame. This 
approach probably explains why the writer failed to notice that X can be 
simply expressed in terms of the fixed-end moments X = — 2 Mr + M’p, and 
he is indebted to Professor Grinter and Mr. Morris for making this clear. 
Table 3, by Mr. Merritt, in which the term X does not appear, might well 
supersede Table 2. It is preferable to that suggested by Mr. Mason, although 
it is useful to have his variation on record. 

Messrs. Aleck and Merritt have adapted the method to members of varying 
section, thus answering an objection raised by Messrs. Larsen and Eremin. 
Messrs. Matthews and Morris have shown that the calculations can be tabu- 
lated ‘“‘on the frame.’’ The writer considers a separate tabulation to be clearer, 
an opinion with which Mr. Bowles expresses agreement. The time factor, 


Norge.—This paper by R. J. Cornish, Esq., was published in May, 1942, Proceedings. Discussion on 
this paper has appeared in Proceedings, as follows: May, 1942, by Messrs. D. D. Matthews, and William A. 
Larsen; June, 1942, by Messrs. A. A. Eremin, L. E. Grinter, and B. J. Aleck; September, 1942, by Messrs. 
Frederick S. Merritt, and Ralph W. Stewart; October, 1942, by G. W. Stokes, Esq.; November, 1942, by _ 
Messrs. Bruce Jameyson, R. E. Bowles, and William Morris; and December, 1942, by John Mason, Esq. 
23 Dept. of Municipal Eng., College of Technology, Manchester, England. 
28a Received by the Secretary February 19, 1943. 
+ % “Analysis of Flow in Networks of Conduits or Conductors,” by Hardy Cross, Univ. of Illinois Eng. 
Experiment Station, Bulletin No. 286, 1936; and ‘Analysis of Flow in Networks of Pipes,”’ by R. J. Cornish, 
Journal, Institution of Civ. Engrs., December, 1939, p. 147. 
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mentioned by Messrs. Larsen and Stewart, is admittedly an important one, 
but the time occupied in checking work, and in locating suspected mistakes, 
should be taken into account, although it is hardly possible to estimate it. 
Any one who has had the task of checking a frame computation knows the 
labor involved and the difficulty of deciding whether discrepancies are serious. 
Messrs. Aleck and Stokes both refer to the value of moment balance in this 
connection. It has the merit of indicating the magnitude of errors in addition 
to locating them. 

The self-checking feature of moment balance is an advantage to those engi- 
neers whose arithmetical accuracy is not above reproach, and for any one there 
is less mental strain when this feature is present. For the same reason the 
additional written work on which Professor Grinter comments.may not be 
entirely a disadvantage. As he remarks, it is partly because this is a method of 
successive approximation rather than of successive correction, and partly 
because operations which would be performed mentally in other methods are 
included in the table. 

The writer cannot agree with Mr. Stewart that the first method of Table 4 
gives results of superior “quality.”” Any method of successive approximations 
or successive corrections can give results to any number of decimal places 
provided that enough balances are made; but few designers think it worth while 
to get meticulously ‘accurate’ answers, considering that the appropriate values 
of FE, I, and L can be known only approximately. The important thing is to 
find a method that will quickly give an answer that is accurate enough for 
practical purposes. 

Mr. Jameyson’s adaptation of the Cross method of analysis to the correction 
of initial estimates is interesting and valuable; it may be that the most useful 
service the paper has rendered was to provoke this contribution. 

A defect of moment balance, as presented in the paper, was that correction 
for sidesway was awkward; this difficulty has now been overcome. 

Section 5 of the paper outlines a method of computing sidesway moments, 
involving the solution of as many simultaneous equations as there are floors. © 
This makes the method unsuitable for general use. This limitation was sug- 
gested by Messrs. Larsen and Bowles. In the following procedure, this disad- 
vantage is eliminated. Each story is given an arbitrary initial deflection and 
the resulting moments are balanced with the help of Eq. 10; the deflections 
then are adjusted to make the sums of the column-end moments equal to the — 
sidesway moments. One repetition of this process usually gives sufficient ; 
accuracy for practical purposes. 

As a simple example, the frame of Fig. 2 will be analyzed for the horizontal 
forces shown in Fig. 12. With 1.5 tons at A and 2.0 tons at D, the shears in the 
upper and lower stories are 1.5 tons and 3.5 tons, respectively. If AD is 15 ft 
and DG is 20 ft, the corresponding sidesway moments are 22.5 ft-tons and 70.0 
_ ft-tons. 

It can be assumed as a first approximation that, in its deflected form, Col. 
ADG remains a straight line. (This is close to the truth for tall, regular 
frames,?° although in this example it is far from true; however, the error is 


ge a en ata CERT D ES Ress BE ALO PORE epee Gate ae 
144, "Theory of Modern Steel Structures,” by L. E. Grinter, Macmillan, New York, N. Y., 1937, Vol. 2, 
p. 


May, 1948 CORNISH ON MOMENT BALANCE 707 


eliminated rapidly.) Then, if A is the relative displacement of the top and 
bottom of a column of length, L, = has the same value for each story, and the 


aa 6HKA 
initial values of i ee must be proportional to K, the stiffness ratio. Since 


at first one is concerned only with relative deflections, it is convenient to begin 


15Tons A + 1.5 eres B +15 (e 


Sidesway GEKA 


Moments ra 
1.5x15 3.0 
=22;5) 6.0 


7.3 


3.5x20 
=70.0 14.6 ; Note: All Moments Are 
14.3 : fi in Foot-Tons 


2(-2.9)=-. 5.8 2(-4.5) =— 9.0 
-— ‘5.4 Se) 
~11.2 —18.5 
2(-5.6)= —11.2 2(—20.9) = —41.8 
7G —29.9 
=19.1 <7 

Fie, 12 


by making Se equal to K. The slope deflection equations show that, 


when the ends of a member are deflected without rotation, the moment induced 


. —6GHEKA 
at each end is u ZL 


stiffness ratios K. These are entered in Fig. 12 beside each column, and are thus 
the moments resulting from deflection of the frame without rotation of the 
joints. Since the frame is symmetrical, only one half of it need be considered, 
and moments needed in the right-hand half can be inserted by symmetry. 


: the initial column moments are therefore simply the 
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In the next step the moments are balanced; that is, rotation without deflec- 
tion takes place. The balance could be started from the K-values already 
entered, but time is saved by a rough preliminary adjustment, reducing the 
moments of the outer columns by rather more than those of the inner columns, 
Very little care is needed except where a member is direction-fixed at one end, 
in which case the moment at that end must be altered by half as much as the 
moment at the other end. For instance, when Mpg is reduced from —4.0 to 
—3.0, Mep must be reduced to —3.5. 

After the preliminary column moments have been selected, the correspond- 
ing beam moments are entered in Fig. 12. These rough estimates have been 
underlined to show that they form the start of the balance. 

The balance closely resembles that given in the paper, except that Eq. 10 


ae ee takes the place of —X 


is used instead of Eq. 6, and, thus, in Table 9, Z 


in Table 2. 


Joint D was first balanced. As in the paper, M’ refers to moments at ends © 


of members remote from D—that is, Map, Mzp, and Mgp. The items in 
lines 1 and 2 of the Z-column are added with the sign changed, and the result 
(+8.5) is distributed to the members in proportion to their stiffnesses. The 
values in lines 1, 2, and 3 are added to give line 4, which is divided by 2 to give 


Mpa, Mpz, and Mpg (line 5). The values are entered in Fig. 12 at D, and © 


- Mep is altered by half as much as Mpg. The remainder of the first balance, 
in the order, H, A, B, is done in the same way. 
The sidesway moment which is actually being taken by each story is now 


found by adding the column-end moments. Since those in CF and AD are © 


the same, the sum for the upper story is equal to 2(—1.6 — 1.3) — 2.8 — 2.6, 
which equals —11.2 (an abbreviated form of this computation is shown at the 
bottom of Fig. 12). All the upper-story column moments therefore must be 


increased in the ratio a . Similarly, the column moments in the lower story 


must be increased in the ratio é 
made in the beam moments. The new values are entered in italics in Fig. 12. 
6EKA 


, and corresponding alterations must be 


The values of pa ene increased in the same ratios and are entered in 


Fig. 12 on the left of each column. 
One more balance and adjustment of sidesway moments has been shown. 


The process may be repeated to give any order of accuracy desired, but wind 


loading is so indefinite that great precision is not necessary. For most design 
purposes a single balance gives enough information provided that the prelimi- 
nary estimates were reasonably close; the second balance provides a general 
check. 


The method is especially useful with regular frames of several stories. If 


the balance is started at the bottom, at first only rough estimates for the two | 
lowest floors need be inserted. The results of the first balance of the bottom _ 


floor moments guide one in the next estimates, and so on. The moments at 
the higher floors can be written down almost before the balance is made. The 


aa 0 wre be. i 
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TABLE 9.—Comprvutation SHErnt ror SIDESWAY 
Joint A Joint B 
No. , Quantity 
: Mem- |} Mem- Mem- | Mem- | Mem- 
Z ber ber z ber ber ber z 
oa AD | AB BA | BE | BC 
K 3 5 8 5 4 5 14 
st (a) First BaLance 
—6EKA 
1 a = 3.0) |e10 = 3 Or LO) | a40) pro —4.0 
2 - Ls a: Sen lela 280.24) E16) |) <2 61> -E1-6 +0.6 
A 
3/5 [= ( ; ) = >a’ | sis {cp 42.8} +1.2| +1.0] +12 43.4 
2 4 2M 3.9) 2319 42.8) —5.6| +2.8 
5 M 16, |) 16 oL A eo Salta 
(6) Steconp BaLaNcE 
1 ee ; 2c Ati milk =6.0)|". 6 1 48.0') "0 —8.0 
2 mM’ —1.6| +2.8 Sei 28| 19:0) |) = 453i) -2'9 +1.5 
3 as [2 ( : ze a ) re zu’ | +1.8 | +3.0 44.8] +2.3| +1.9] +2.3 46.5 
4 2M —5.8 | +5.8 +5.2 |—10.4 | +5.2 
5 M =219 | *42'9 4+2.6| —5.2| +2.6 
TABLE 9.—(Continued) 
Joint D Jormnt E 
‘ No. Quantity Mem- | Mem- | Mem- Mem- | Mem- } Mem- | Mem- 
4 ber ber ber 2 ber ber ber ber z 
Z DAw PDC DE ED | EB | EH | EF 
K 3 4 6 13 6 4 5 6 21 
(a) First BALANCE 
1 —Seee 23.01. ~201 70 Se t0hl. 0 40} 5.0) Ons neawe 
2 mM’ EFS 3:5) 2 3.5t |e 1b) | 37/30) — 4:5 [eee ee Oat 
3 al ( 6 ze a ) s | 41.9] 42.7| +3.9| +8.5| +26] +1.7] +22] +26] +91 
4 2M E26 | 4874 46.3 | 25 STO aero 
5 M Sey oil 23:7, 43.1 | =2'6)|) —316!| eA31 
(6) Second BALANCE 
i Sa a Ka 26.0, |= 14°02, 10" =3016)|) 20) ail) =8,0L)—18:3 | 0) vipers 
2 M’ —3.2 |—11.7] +9.2 | —5.7 |+10.7 | —5.6 | —15.8 |+10.7 0 
3 = [ ( 6 ux | =a’ | 46.1 | +8.1 |+12.1 }+26.3,| +7.5| +5.0] +63] +7.5 | +263 
2M ie yert | sik le eet FE St9 |) = 8.6 27:8 | 4-182 
: M —1.6.| —9:1 1-10.7 49,1 | —4.3 |—13.9 | +9.1 
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TABLE 10.—CompvutTaTION FO 


Joint E JOINT 
No. Quantity Mare Marne tere Mem- Mem- Mem- 
ber ber ber Zz ber ber ber 
EA EK EF FE FB FL 
K 29.4 35.4 19.5 84.3 19.5 30.4 35.5 
(a) Firs 
1 els Z te -29.4 | —35.4 0 —64.8 0 —30.4 | —36 
2 M’' —8.0 —7.6 +14.0 —1.6 +14.7 —15.0 —15.4 
K 6EKA : 
3 SK [= ( L ) — 2M +23.2 +27.8 +15.4 +66.4 +11.7 +18.2 421.1 
4 2M —14,2 —15.2 +29.4 Sr +26.4 —27.2 —29.8 
5 M —7.1 —7.6 +14.7 ane +13.2 —13.6 —14.9 
(6b) Sucow 
1 ae z ost) -29.1 | —342 | 0 —63.3 0 —30.1 | —344 
2 M’ -—7.1 —7.4 +13.0 —1.4 +14.0 —13.4 —14.4 
K 6EKA ‘ : 
3 SK = aa ) — =M +22.6 +27.2 +15.0 +64.7 +11.0 +17.3 +20.1 
4 2M : —13.6 —14.4 +28.0 SRE +25.0 —26.2 —28.6 
5 M —6.8 —7.2 +14.0 ate +12.5 —13.1 —14.4 
TABLE 10.— 
Joint O JOINT : 
No. Quantity 


(6) Szco 
AT ee EOE iis Ns EE SE 
-6EKA 
1 seeks —34.6 | ~37.2 0 -71.8 0 —34.7 | —37% 
2 ks Me ue —7,7 | =78 | +150°|/ -o5 | +159 | —150 1) ame 
A 3 
3 | [ =( wa ) me zm’ | +27.7 | +278 | +168 | +723 | +12.5 | +20.7 | +208 
4 2M 166 | ceTv ay | ber eet ee 28.4 | —2 a 
5 M 27718 —8.6 | +15.9 es ti33 its mC: 
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Jornt K Jomnt L 
m- Mem- | Mem- | Mem- | Mem- | Mem- | Mem- | Mem- ac 
oa >; ber ber ber z= ber ber ber ber >>; 
G KE KO KL LK LF LP LM 
ee) 1116 | 35.4 | ‘254 | 214 | 0922 | 214 | 355 | 355 | 262 | 186 |... 
NCE 1 
0 — 65.9| —35.4 —35.4 0. —70.8 0 —35.5 —35.5 0 —71.0 1 
5.0 —0.7 —8.0 —8.7 +14.0 —2.7) +15.5 —16.0 —15.9 +18.0 +1.6 2 
5.6 | +66.6] +28.2 +28.2 +17.1 | +73.5] +12.5 +20.8 +20.8 +15.3 +69.4 3 
0.6 —15.2 —15.9 +31.1 +28.0 —30.7 —30.6 +33.3 4 
5.3 —7.6 —7.9 +15.5 +14.0 —15.4 —15.3 +16.7 5 
NCE 
") —64.4} —34.2 —34.6 0 —68.8 0 —34.3 —34.7 0 —69.0 1 
4.9 +1.1 7.3 —7.3 +13.5 —1.1] +149 —14.4 —14.5 +16.4 +2.4 2 
4.9 | +63.3] +26.8 +26.8 +16.3 | +69.9] +12.0 +19.9 +20.0 +14.7 +66.6 3 
9.8 —14.7 —15.1 +29.8 +26.9 —28.8 —29.2 +31.1 4 
4.9 —7.4 —7.5 +14.9 +13.5 —14.4 —14.6 +15.5 5 
tinued) 
Joint S Jomnt T 
No. 

m- Mem- Mem- Mem- Mem- Mem- Mem- Mem- 
T D2; ber ber ber z ber ber ber ber >»? 
2 SO Sw ST TS TP TX TU 
2 121.7 35.6 25.8 30.5 91.9 30.5 35.6 25.8 37.3 129.2 
NCE 
D -—71.1| —35.6 —25.8 0 —61.4 0 —35.6 —25.8 0 —61.4 1 
0.0 +0.2 | —10.0 —18.9 +20.0 —8.9| +21.7 —20.0 —22.9 +25.0 + 3.8 2 
7.0 | +70.9} +27.2 +19.7 +23.4 | +70.3] +13.6 +15.9 +11.5 +16.6 +57.6 3 
/ —18.4 —25.0 43.4 +35.3 —39.7 —37.2 +41.6 4 
Sy ar —12.5 tot7 +17.6 | —19.8 | —18.6 | +20.8 5 
NCE 
) —71.9 | —37,.2 —30.2 0 —67.4 0 —37.2 —30.2 0 —67.4 1 
3.7 +1.0 —8.7 —22.4 +20.0 | —11.1] +23.1 —18.1 —26.0 +22.5 +1.5 2 
5.9 | +70.9} +30.4 +22.0 426.1 | +78.5| +15.5 +18.1 +13.2 +19.1 +65.9 3) 

- —30.6 46.1 +38.6 —37.2 —43.0 +41.6 4 
8 18 133 $331 +19.3 | =18.6 | —21.5 | +20.8 5 
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Half 
Sidesway 6EK 
Moments iE 

29.4 

41.0 29.1 

30.2 


(19.5) +14.0 +15.0 (26.2) +15.0 HH 


43.9 
418.0 (26.2) +18. N 
46.8 
+20.0 (29.2) F 
57.1 
——_ (30.5) +20.0 +25.0 (37.3) \ 
84.8 } . Note: All Moments Are 


in Foot-Kips 


Fra. 13 
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adjustment of beam moments after allowing sidesway is not so obvious in a 
frame of several bays as in the simple example of Fig. 12, but any common sense 
basis is satisfactory. 
Fig. 13 and Table 10 show the calculations for the lower floors of the Wilson- 
_Maney truss.” These are given here because this truss has been used as a 
typical example for other methods,?”? with which moment balance can be 
compared. 

In an actual computation it is better to arrange the table with the stories 
beneath one another, instead of as in Table 10, where convenience of printing 
has been considered. 

The order of balance adopted is 8, T, O, P, K, L, E, and F; The K-values 
for the two lowest floors are first inserted as column-end moments in Fig. 13, 
and rough estimates, which have been underlined, are made where necessary. 

_(A dash has been placed where an estimate is not required.) Rough values for 
Mrs and M ry are found by distributing Mrpr + Mrx approximately in the 
ratio of the stiffness (shown in brackets) of TS and TU. Joints S and T are 
then balanced (Table 10). The results of this balance help in estimating the 
moments necessary for the balance of joints O and P, remembering that values 
tend to fall off in upper floors. For example, since the first balance gave Mrs 
as +17.6, Mro is taken as +17.0. 

Thus rough estimates and the first balance are made for each floor suc- 
cessively. Table 10 shows the balance for the four lowest stories and includes 
the values of M4z and M gr, which were obtained by balancing joints A and B. 

The sum of the column-end moments for each story is now found, and, 
although the additions can be recorded in Fig. 13, they have been omitted to 
save printing. The column moments are altered to make their sum equal to 
the appropriate sidesway moments for half the truss, shown on the left of 
Fig. 13. Since, for the bottom floor, the sum of the moments is —72.5, they 

f , . 84.8 6HKA : 
are increased in the ratio 75 The values of Say ars for SW and TX are in- 
creased in the same ratio. 

The new values of Myp and M rx are now —20.7 and —21.8. Their sum, 
—42.5, must be balanced by the beam moments Mrs and Mry. Thus, the 
closest approximation presumably would be obtained by dividing 42.5 in the 
ratio of the last found values (as, for example, +17.6 and +20.8) of Mrs and 
M rv, but great accuracy is not required, and a “round figure’ adjustment to 
+20.0 and +22.5 is sufficient at this stage. All sidesway adjustments are 
shown in italics in Fig. 13. 

A second balance and sidesway adjustment are now made with the result 
that values for moments and deflections are within about 5% of the “‘exact’’ 
values given by Messrs. Wilson and Maney. 

It may be concluded that the method offered herein gives satisfactory re- 
sults in the analysis of moments due to wind loading. Although the time taken 
may be a little longer than by some other methods, the reduction in arithmetical 


‘ 


26 Univ. of Illinois Eng. Experiment Station, Bulletin No. 80, p. 20. ‘ 
Cy i ¥ f Re-inforced Concrete,” by Hardy Cross and N. D. Morgan, John Wiley & 
Bs tare Se NY 1932, p. 230: and ‘‘Theory of Modern Steel Structures,’”’ by Linton E, Grinter, 
Macmillan, New York, N. Y., 1937, Vol. 2, p. 169. 
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checking more than compensates for this. There is a fair amount of written 
work, because nearly all the calculations are recorded. However, this is an 
advantage rather than otherwise, since it facilitates the checking of the data. 
As the method involves the calculation of Ge ae A for each column, the final 
floor deflections can readily be computed if required. 

Finally, the writer thanks all the contributors to the discussion and ex- 
presses his appreciation of the points raised. Some do not call for a detailed 
reply, and some were answered by other contributors. Time will show whether 
“moment balance’”’ has any permanent value; if it has, future developments will 
be greatly helped by the discussion. 
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CLASSIFICATION OF IRRIGABLE LANDS 


Discussion 
By W. W. JOHNSTON, Esa. 


W. W. Jounston,®> Esq.**—According to Mr. Weir, a soil survey is a 
better basis for the purpose defined by the paper than a land classification as 
made by the Bureau of Reclamation. There is no rivalry between soil surveys 
and land classifications as defined by this paper. They are two different things. 
The soil survey is probably one of the most valuable pieces of work per unit of 
cost that is made in land studies; but, since it is made for a large variety of 
uses, it provides reliable data for its direct adaptation to a “land classification’’ 
only when there are occasional changes in soils and where topography and 
drainage conditions do not enter importantly into the problem. In lands re- 
maining for consideration in planning an irrigation project, uniformity of this 
kind is rare, and in old irrigation projects the spotted occurrence of alkaline 
and seeped areas likewise requires that each unit of land be classified directly 
in the field where the importance of seepage and topography can be considered 

along with differences in soil. 

Many attempts have been made by the writer to adapt soil surveys to 
land-classification uses under irrigation but these have not proved to be re- 
liable except for the requirements of a general reconnaissance. There are 
several reasons—first, soil-survey maps generally are made on so small a scale 
that the acreage of lands in each class cannot be computed with a sufficient 
degree of accuracy; second, topography is considered only in a general way;, 

third, drainage and alkali characteristics are not considered in sufficient detail; 
and fourth (perhaps most important), the men who make soil surveys generally 
are selected because of their technical knowledge of soils and usually do not 
have sufficient knowledge of or interest in the problems either of the engineer 
or of irrigation to delineate properly between lands of varying utility for irriga- 
tion farming. In other words, to classify land properly for irrigation farming, 
the classifiers must be “‘irrigation men” as well as “‘soils men.’’ As was in- 
dicated in the paper, much of the strength of the method discussed lies in its 
singleness of purpose. The problem is too important to be solved by a sec- 


ondary manipulation of a general study. 


F —Thi . W. Johnston, Esq., was published in May, 1942, Proceedings. Discussion 
on fi see ee eee ey peaealende: as follows: ree 1942, by R. Earl Storie, Esq.; and October, 1942, 
by Messrs. Walter W. Weir, and W. L. Powers. 

5 War Dog Reception and Training Center, San Carlos, Calif. 
5a Received by the Secretary March 30, 1943. ae 
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CONCRETE RESERVOIRS OF THE 
VERTICAL-BEAM TYPE 


Discussion 


By GUSTAVO PEREZ GUERRA, JUN. AM. Soc. C. E. 


Gustavo Pérez Gurrra,®? Jun. Am. Soc. C. E.2*—The information and 
ideas contained in this paper should prove of great value to all members of the 
profession engaged in the design and construction of concrete reservoirs. In 
addition to considerations of water tightness (which are vital in such an 
undertaking), the economy in the use of concrete and the more logical design 
which takes full advantage of all parts of the structure point to a general 
adoption of this type of reservoir in the water works field. 

As far as the writer knows, the first tank of the type described in this paper 
built in Venezuela was designed by the Water Works Division of the Ministry 
of Public Works (M.O.P.), early in 1939. Since then the original design has 
been modified only slightly. About ten such reservoirs have been built by the 
M.O.P., in sizes ranging from 56 to 1,200 cu m (14,800 to 317,500 gal) and with 
water heads varying from 2 to 4.12 m (6.56 to 13.52 ft). A typical design for a 
head of 4.12 m is'shown in Fig. 7, in which both the floor and the roof slabs are 
tension members supporting the bottom and the top of the wall. The wall acts 
as a simply supported vertical beam for both the water and the earth loads. 
‘The bottom slab, designed as a tension member, avoids the use of tie rods, which 
are not desirable in Venezuela because of difficulties in inspection and 
maintenance. ‘ 

On the other hand, it is true that no expansion joints are provided; but 
since the reservoirs are intended primarily for distribution purposes and in most 
cases have a relatively large fire reserve, the temperature change seems to be of 
minor importance. Furthermore, the use of the wall as a simple beam to resist 

‘the thrust of the earth cover creates tension in the inner face of the tank walls 
thus discounting one of the advantages of Mr. Stanley’s design. This is 


Norz.—This paper by C. Maxwell Stanley, Jr., M. Am. Soc. C. E., was published in December, 1942, - 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: March, 1943, by Lewis A. 
Schmidt, Jr., M. Am. Soc. C. E.; and April, 1943, by Messrs. Victor H. Cochrane, and R. E. Koon and 
J. C. Gearhart. : : 

® Asst. Engr., Parsons, Klapp, Brinckerhoff & Douglas (formerly Asst. Desi i $3 ived 
the Ministry of Public Works), Caracas, Venezuela. . pbetaeehir herererritipepst! ee 4 


9¢ Received by the Secretary March 17, 1943. 
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Possible because there are no winter problems, and the cracks formed do not 
jeopardize the efficiency of the structure. Because of the absence of snow, the 
roofs of tanks in Venezuela are almost flat (slope, 1%) and are built mah a 
parapet for the purpose of holding an earth backfill 35 cm (1 ft 2 in.) thick. 


Scale in Centimeters 
0 10 20 30 40 50 


0 5 10 661520 
Scale in Inches 


All Dimensions in Centimeters 
Except Bar Diameters 


Fria. 7.—Typicat Dxrsicn 


Most of the tanks are partly underground and are covered by backfill, later 
planted with grass to improve the general appearance of the structure. How- 
ever, some have been built aboveground, with no backfill. Table 3 gives data 
on several of the structures built in Venezuela. 

Horizontal construction joints are eliminated and the walls poured in lengths 
of 4 to 6 m (18.1 to 19.7 ft), and in all joints 8-in. copper strips are used as water 
stops. The construction industry has not resorted to the elaborate and 
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resourceful treatment, described by the author, for watertightness and expansion 
because local experience with this type of design has shown none of the diffi- 
culties reported in the paper. Fortunately, the absence of low temperatures 
reduces the importance of minute cracks in the inner face of walls. In addition, 
the narrow range of temperature variation during the year reduces the danger of 
cracking, as contraction is far more troublesome than expansion. Some tem- 
perature reinforcement is provided according to general design practice. 


TABLE 3.—DaTA ON VERTICAL-BEAM RESERVOIRS IN VENEZUELA 


Capacity Water DEPTH AREA 
No Year 
built 
Cubic meters Gallons Meters Feet Square meters | Square feet 
1 1940 1,254 3,320,000 4.12 13.52 304.5 3,278 
2 1939 553 1,460,000 4.12 13.52 ga 134.2 1,442 
3 1939 743 1,960,000 4.12 13.52 4 180.2 1,940 
4 1941 1,239 3,275,000 4,12 13.52 #8 300.0 3,229 
5 1939 56 148,000 2.00 6.56 iE 28.0 301 


Summarizing, customary design of this type of structure in Venezuela does 
not comply with all the ideal wall criteria listed by the author. However, its 
efficiency is proved by the several units constructed, and it gives satisfactory 
service with only routine maintenance. The design of such tanks, irrespective 
of geographic or climatic conditions, will be improved greatly as a direct result 
of this paper which contains such valuable suggestions for designers. The 
favorable local experience with the original design, quite different from that 
described by Mr. Stanley, corroborates the known fact that tropical conditions, 
although producers of hardships in practically every other aspect of life, really 
simplify the task of the hydraulic engineer. 
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THE HYDRAULIC JUMP IN SLOPING CHANNELS 


Discussion 


By Messrs. J. C. STEVENS, AND C. J. POSEY 


J. C. Stevens,” M. Am. Soc. C. E.2*—This paper touches a phase of the 
_ hydraulic jump about which comparatively little is known, and the author 
deserves the thanks of the profession for presenting an analysis of the data 
obtained by Mr. Yarnell. This analysis brings out a few anomalies for which 
there is no ready explanation. Perhaps it would be well to agree on a definition 
of the hydraulic jump before speculating too much about it. 

The beginning of the jump is definite and well defined, but the end is open 
to conjecture. On a horizontal bed the end of the jump has been taken very 
properly as the section where the water surface reaches its maximum height} 
—in other words, where all the kinetic energy that is susceptible of conversion 
to potential energy has been so converted and before the surface profile is 
affected by the friction gradient in the channel below the jump. This end of 
the jump is not the end of the roller, as the author has considered it. 

To define the length of the roller as the length of the jump, even on a sloping 
bed, slurs over the dominant characteristic of the jump, which is to convert 
kinetic to potential energy by highly concentrated turbulence. 

The author’s four cases are purely arbitrary, and scarcely can be considered 
as basic. With fluctuating tailwater or variable flow, the jump will oscillate 
- through all four cases. The first three are applicable only where a slope merges 
into a horizontal bed. 

Madden Dam was designed with an apron inclined downward into tailwater 
ata slape of 1 on 4.14 The apparent theory was that, as the high-velocity water 
-flows down the slope, it will encounter the proper tailwater level to produce 
the jump, and thus prevent undue scouring of the river bed. Actual experience 
has not substantiated that theory even though model tests seemed to be favor- 


.—Thi E. Kindsvater, Jun. Am. Soc. C. E., was published in November, 1942, 
Peas Tene eee has appeared in Proceedings, as follows: February, 1943, by Messrs. 
Joe W. Johnson, and Karl R. Kennison. 

12 Cons. Hydr. Engr. (Stevens & Koon), Portland, Ore. 

12a Received by the Secretary March 10, 1943. 

18 “The Hydraulic Jump in Terms of Dynamic Similarity,” by Boris A. Bakhmeteff and Arthur E. 
Matzke, Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 640. 

4 “Hydraulic Tests of the Spillway of the Madden Dam,” by Richard R. Randolph, Jr., ibid., Vol. 103 
(1938), p. 1080. 
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able to it. On Madden Dam, the upward sloping continuous baffle at the end 
of the apron has counteracted the effect of the 1-on-4 slope. 

Certain it is that the model tests of a downward sloping apron for Bonneville 
Dam indicated that such an apron would be the worst that could be built as 
far as scour is concerned.’® 

General Formulas for the Hydraulic Jump in Rectangular Channels.—Some 
tentative formulas are presented herein for the solution of the hydraulic jump 
on level beds and on beds sloping both downward (negative) and upward 
(positive) in the direction of flow. Fig. 12 shows the elements of an hydraulic 


Fie, 12.—ELeMents or AN Hyprautic Jump 


jump (a) for a negative slope and (0) for a positive slope. In each case the 


momentum relationships for a rectangular channel or for a unit width of a © 


wide channel are: For a negative slope (downward in the direction of flow)— 


2 2 
Dy eh leon eh Winintar oe wae neuete Ont, RAEN (28a) | 
g 2 g 2 
and, for a positive slope— j 
: 2 2 3 
OV + $2 c08 a = 2 V1 + F008 « + W sina.........(286) 


in which, in addition to the notation of the paper, W is the total weight of — 


water in the jump prism between the two depths d: and dz». 


The length of the jump is quite arbitary except that it should not be as- 


sumed too short. The length should be chosen so that the energy conversion 
would be completed as indexed by the maximum height of the water surface. 
If a greater length is taken, the height of the jump is penalized by a slight drop 


due to friction. However, to include the force of friction for the relatively short — 


length in which the jump develops is usually an unnecessary refinement. 

The writer has adopted the length of jump given by Andréi Ivanchenko,"* 
M. Am. Soc. C. E., in his discussion of the paper by Messrs. Bakhmeteff and 
Matzke. His formula, based on the lengths given in the paper for jumps on a 
level bed, is 

Le = 10.6 A718 (ds — ds)eree. signe Oo eee (29) 
in which Z = length of jump. 


6 Transactions, Am. Soc. C. E., Vol. 103 (1938), p. 1117. 
16 Tbid., Vol. 101 (1936), p. 668. 


— 
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Weight of the Jump.—The weight of the jump prism has the force component 
W sin @ acting in the direction of flow for negative slopes and counter to the 
direction of flow for positive slopes. On a level bed this force disappears. 

Any other than the simplest delineation of the jump boundaries seems an 
unwarranted refinement, therefore the body of the jump has been considered 
as a trapezoid bounded by the stream bed, a straight-line surface profile, and 
the two depths d; and dz. Neglecting the curvature of the surface profile 
involves certain compensating consideration, such as 


(1) The specific weight of the water is reduced by the entrained air : 

(2) The water is being decelerated, which reduces the horizontal component 
of the weight on a negative slope and increases it on a positive slope; 

(3) Deceleration of the vertical component tends to increase the weight on 
either slope; and 

(4) In a strict sense, hydrostatic pressure within the jump does not exist 
although pressure measurements on the bed indicate that static pressures are 
closely approximated. 


Considering all these factors, the effects of which are virtually unknown (or 
at best may be determined only by refined experimentation), to take into ac- 
count the curvature of the surface profile seems hardly justified. However, if 
found to be desirable, the numerical factor in Eq. 29 may be increased to com- 


- pensate completely for thus neglecting curvature. 


The weight of the body of the jump for a unit width therefore becomes 
Worl 0,6, 0-188 2 (25 a) sha, ae len oc (80) 
Kineticity of the J unp.—There seems to be no particular virtue in tying the 


2 
“kinetic flow factor’ (- le to the Froude number. The writer prefers to 
1 


2 . . 

use half that factor, k = sh , which has real physical meaning since it is the 
; 1 

ratio of the kinetic to the potential energy at the beginning of the jump -and 


therefore well may be called its “‘kineticity.” 
For any given bed slope, k is the only independent dimensionless parameter 


- of the jump. It is measured easily and, once known, all other characteristics - 


are derived readily from it. The jump characteristics on a level bed already 


~ have been outlined by the writer.1’7_ The kineticity k will be used in place of d 


in what follows. Since its value is a , Eq. 80 becomes 


re) Dee ap 

Wee Re oe. Least meal: «yeh aie (31) 

Probably, the numerical factor in Eq. 31 should be increased for negative 

slopes and reduced for positive slopes. Only future experimentation can de- 

termine that. However, for this discussion, no change was made from that 
indicated for level beds. 

17 Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 660. 
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General apart Eq. 31 in Eqs. 28 and transposing, 
= 2; — V.) = 3 (d’2 — ds) (cosa + msina).......... (32) 


in which for shiva m (a coefficient for the length of the jump) is written for 
9.3 


jo-tss * In Eq. 32 the negative sign is for negative slopes (downward) and the 


positive sign for positive slopes (upward) in the direction of flow. 
It will be simpler if each jump characteristic were to be put in dimensionless 
terms by expressing each as a ratio in which the denominator is the initial 


potential energy. Thus, let 
v4, 


— 29d; cosa Soe es Cea Tce eo (33a) 
and, the dimensionless height,of the jump, 
de 

qc0s Oe oe eee (336) 


Substituting these in Eq. 32 and invoking the continuity relations Q = Vidi 
= V2 do, Eq. 32 reduces to 


4k 
J (J cosa + 1) | eos bomen a #. Vig/ta) wha ote eieute Nelninelie (34) 
For a level bed, Eq. 34 reduces to 
J (Sy 1) 4 ee ee jos nee ee (35a) 
and, from Eq. 34, the final depth is given by 
16k 
ig sere = Woon lett ant hs See (35) 


which may be compared with Eq. 14. 

Kq. 350 is a general formula for rectangular channels in which the negative | 
sign is for negative slopes and the positive sign for positive slopes. When the 
slope is zero, it reduces to, 


= 4(—t bev16 ba Dae ee ee (35c) 


TABLE 1.—Limitinc Vauures ror Jumps on Suopina Beps 


‘< TANGENT a@ 
No. Description 


0.10 | 0.125 | 0.167 | 0.200 | 0.225 | 0.250 
1 | Final depth, J, is infinite when k =........... 0.85 2.25 | 10.96 | 28.5 4.2 
2 | Height of jump, J, is minimum when k =..... 1.70 | 559 | 267 | 70.6 | 134 | 219° 
3 | Minimum height of jump, J =............... 6.14 11.6 26.1 43.3 60.5 80.5 


Eq. 35) shows that the hydraulic jump on negative sloping beds has certain : 
very definite limitations. The final depth becomes infinite for m tana = 1. 
The values of k for which this occurs are found by substituting for m its value 
and solving for k (see Table 1, Item 1). 


\ 
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For larger values of & the depths diminish rapidly to some stable point. 
This point may be the minimum value of J, in either Eq. 34 or Eq. 356, or an 
inflection point for a somewhat larger value of k. If either Eq. 34 or Eq. 350 
are differentiated for negative slopes, the minimum values of J are found for 


% os (110 tentay at. . 1 o ae e (36) 


and, for the foregoing negative slopes, the values given in Table 1, Items 2 
and 3, apply. 

The significance of Table 1 is that, for the slopes given, the jumps are wholly 
fictitious for values of & less than the limitations outlined therein. Fig. 13(a) 
shows graphs of Eq. 35 for both negative and positive slopes. Values of J 
were computed from assigned values of k. The minimum values of the curves 
for negative slopes are indicated by circles which have been connected by a 
curve. 

It is likely that the zone of possible jumps on these curves is defined by the 
points of inflection rather than by the points of minimum values. A second 
line therefore has been drawn connecting the points of inflection (determined 
graphically). Between the two curves is a zone of doubt, but to the left of 
the minimum-values curve the jumps are fictitious. 

Analogous limitations exist in Eq. 14 from which it is seen that d: becomes 
infinite for 2 ¢ tan a = 1 or for (4.16 — 0.042 A) tana = 1 (Fig. 6(a)). This 
limitation will not apply to the 1-on-6 slope for which the author’s formula is 
designed. 

From the foregoing analysis it would appear that what have been called \ 
hydraulic jumps on inclined beds of 1 on 6 or steeper, projecting into tailwater, 
are not hydraulic jumps at all but a mere plunging of water into a pool. Ifa 
jet from a fire hose be directed into a pond, considerable turbulence results, 
but an hydraulic jump is not formed. This anomaly was noted by Messrs. 
Bakhmeteff and Matzke in their experiments.? The apparatus used by them 
limited the steepest slope to So = 0.07, yet they state (speaking of steeper 
slopes), “The live jet ‘plunges’ into the tailwater and within the steep section 
follows the slope downward with comparatively slow expansion and obviously 
relatively small losses.’’ 

Energy Losses.—There are two kinds of energy losses in hydraulic jumps on 
inclined beds: (1) Specific energy losses (that is, losses with reference to the 
en bed); and (2) geodetic energy losses that are referenced to a horizontal, 

atum. 


The specific energy equation for either negative or positive slopes is 
V4; V3. 
bas leat aR Re Rr an yates Bar mmgruey faces ah) see (37) 


in which J, is the specific energy loss. (Coefficients,'* strictly speaking, should 
be applied to the momentum flux and to the kinetic energy to obtain the mean 
momentum and energy of a unit weight of water. However, at this stage such — 


a 
3“The Hydraulic Jump in Sloped Channels,’”’ by B. A. Bakhm i 
A. & MoE, Vol, 60, 1938, Paper HYD-60-L, pre 1TiAi8, Pe eee ntakss Traneachona 


18 “A pplied Fluid tora by Morrough P. O’Brien and George H. Hickox, McGraw-Hill Book Co., 
. > 


Inc., New York, N. Y., 1937 


J 
- 


} 
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_ refinements are hardly- warranted.) Eq. 37 reduces to 
vy ‘A ds d?, 
29 See > nth meer ee saWollsbrel® tel aiete ce) eeemeatt ty (38) 


The specific energy loss J; is also to be put in terms of the initial potential 


energy— 
I, 


Uy S di cos a eitaMon cheap seeing pteli citie astteuts tel anienehietets rateae (39a) 
Substituting Eqs. 33 and 39a in Eq. 38: 
_ J costa . J cosa 
k "J Gos @ 1 + Us Pe Sone dana eo a ee (39b) 


The specific energy loss is then obtained by eliminating k between Eqs. 34 and 
_ 396 and solving for 7,: 


abty (J cosa — 1)? | (J? cos? a — 1) (J cos a + 1) 
; 4J cosa 4 J cosa 


For a level bed this reduces to 


—a formula developed by writer in 1925.!92° Eq. 40 gives the energy loss 
_ with reference to the stream bed. A more useful formula is one that gives the 

losses with reference to a horizontal datum plane which will be styled the ‘‘geo- 
_ detic energy loss.’’ Let the plane be one passing through the foot of dz for 
negative slopes and d; for positive slopes, as shown in Fig. 12. The geodetic 
energy equation then becomes, for negative slopes, 


. V4; V5 
Lsina + d,cosa + =— = d,cosa +=— 4+ ZIy.........(42a) 
. 29 29 
_ and, for positive slopes, 
2 2 
yt ARMRES Reece Mten Pa tneOn  . eae (426) 
29 29 
in which J, = the geodetic energy loss. Eq. 29 in terms of k becomes 
L = 9.3 k-9:185 (dg — di) = m (do — di)....0...... 2.4 (48) 
and Eq. 39a for geodetic losses becomes 
amos ly 
ig — di cos @ whi wheute: ‘anette af dane. vis. ig” bane Coke eb ege (44) 


Substituting Eq. 43 in Eqs. 42: 
+ (V2, — V22) = (de — di) cos a + m (dz — di) sina + Iy.... (45a) 
g 


19 “Determining the Energy Lost in the Hydraulic Jump,” by J. C. Stevens, Engineering News-Record, 


June 4, 1925, p. 929. 
20 Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 661. 
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and 


Vienne os aeeiaue 45b 
Sd TR ie a ee Fi gene Sage (45b) 


Substitute Eqs. 33 and 44 in Eq. 45) and solve for k, thus: 


2 2 2 2 
k ct ey ce a cee (1+ mtana) + i 7% has 


eae Fi cat aie . . (46) 


The geodetic energy loss is then found by eliminating k between Eqs. 46 and 34 
and solving for 7,, thus 


(J cosa — 1)8 


tJosa “+m tan OQ). or ieee (47) 


tg = 
For a = 0, Eq. 47 reduces to Eq. 41. 

Fig. 13(b) shows graphs of Eq. 47 in which the geodetic energy loss is plotted 
against values of J. The same zones of fictitious, doubtful, and possible jumps 
are evidenced in these graphs as in those of Fig. 138(a). For any given value 

‘of k, the height of jump J may be found from Fig. 13(a); then, entering Fig. 
13(b) with this value of J, the geodetic energy loss as a multiple of the initial 
specific potential energy is readily found. 

Perhaps a better picture of the energy losses in the hydraulic jump is 
obtained by expressing them as percentages of the initial energy. Only the 
percentage geodetic energy losses will be presented. From Fig. 12(a) for 
negative slopes, 


% loss = eee OS ee ee (48a) 


3 V2, 
Lsina + d, cosa Tara 
Substituting Eqs. 33a and 44, 


ie 100 2, 
q% loss = ising +k + 1 erate Se) Sao Revtee we ae oteharaae (486) 
in which / = OSE , the length of the jump as a multiple of the initial specific 


potential energy. 

Fig. 14 shows the losses computed from Eq. 48), plotted to corresponding 
values of J. The loss curves for positive slopes are so near the curve for a level’ 
bed that they cannot be shown to the scale of this graph. 

It is interesting to note that the percentage loss for any given height of 
jump increases as the negative slope diminishes; also that the zone of fictitious 
jumps is carried over from Fig. 13(6). 

In order to show how the percentage loss varies with the slope and with the 
kineticity, Fig. 15 has been prepared. Loss (in percentages) is plotted against 
bed slope for given values of the kineticity k. Only values from the zone of — 
“possible jumps”’ are plotted in Fig. 15. It appears from these curves that a 
negative slope of about 0.05 (1 on 20) is slightly more efficient than a level bed 
in dissipating the initial energy. 


an 


| 
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Length of J ump.—The length of the hydraulic jump for this discussion has 
been taken as indicated in Eq. 43. This may be put in dimensionless terms in 
the same manner as other jump characteristics. ‘Thus, let 


HGR a he es (49a) 
100 \ 
Kk 
2 
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Substituting Eqs. 33b and 49a in Eq. 43, 
/ 
ean (1 cae ) = 9.308 (J — : ) ae ey (490) 


cos @ COs @ 

Curves for Eq. 496 are shown in Fig. 16 wherein the length / is plotted 
against J for various slopes. For negative slopes, the zone of fictitious jumps 
and lengths is evident. The lengths for positive slopes are so close to those 
for a level bed that only the curve for a l-on-4 slope is shown. The lengths 
for a negative l-on-4 slope could not be shown within the compass of the 


drawing. 
Illustrative Examples.—In order to clarify the use of the curves presented, 


the following examples are offered: 
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Example 1.—On a level apron at the foot of a dam, the depth at the be- 
ginning of a jump is 1.25. ft and the velocity, 75 ft per sec. The velocity head 
is 87.0 ft; hence, from Eq. 33a, the kineticity k = 69.5. From Fig. 13(a), 
J = 16.2 and d2 = 16.2 X 1.25 = 20.2 ft. From Fig. 13(6), the energy loss 
1, = 54.5; the head lost is J, = 1.25 X 54.5 = 68.2 ft; from Fig. 14, this loss 

hs seen to Be 77% of the initial geodetic energy. From Fig. 16, the dinmunatttens 
length of jump / = 64.5, whereas the actual length is L = 1.25 X 64.5 = 81 ft. 

Example 2.—If the apron in Example 1 were inclined downward into tail- 

water at a slope of 1 on 6, d; cos a = 1.23, and:k = 70.5; J (Fig. 13(a)) = 31.1; 
de = 1.23 X 31.1 = 38.3 ft; 7, (Fig. 13(b)) = 62.0; I, = 1.23 X 62.0 = 76.4 ft 
or 67% of the initial geodetic energy (Fig. 14); 1 (Fig. 16) = 128; and LZ = 1.23 

* 128 = 157 ft. 

Example 3.—If the apron were inclined upward from the low point of the 
bucket on a 1-on-4 slope, d; cos a = 1.21; and:k = 71.9; J (Fig. 13(a)) = 11.7; 
dz = 1.21 X 11.7 = 14.3 ft; <4, (Fig. 18(0)) = 51; I, = 1.21 X 51 = 61.8 ft, 
which is 69% of the initial geodetic energy (Fig. 14); 1 (Fig. 16) = 45.5; and 
i121 45.5.= 55 ft. 

Summary.—The writer would question (1) the conclusion of the author 
regarding the ‘‘convenience”’ afforded by his classification based on the position 
of the jump on a sloping channel, for the jump changes position with every 
change in kineticity; and (2) the statement that the jump on a slope is similar 
to the level-floor jump. The similarity only extends to mild slopes. As the 
slope steepens, the jump loses its identity entirely and becomes something else 

about which little is known. It is obvious from the author’s four cases that 
he had in mind jumps at the toe of overflow dams, at which slopes obtain that 
are far steeper than any herein considered. 

? The writer’s analysis is admittedly theoretical, but his formulas do have 
‘simplicity to recommend them. The existing experimental data apply to such 
mild slopes that the behavior of the jump on steep beds as outlined in this 
discussion is subject to experimental verification. As far as the writer knows, 
there are no experiments with jumps on adverse slopes. 

The author’s generalized formulas are based on experimental data obtained 
on only one slope. The data in the Yarnell experiments were not presented 
in usable form and the length of the jump used by the author, which is a vital 
factor on sloping beds, was greatly foreshortened. The soundness of the 

formulas may therefore be open to some question until verified by experiments 
on other and steeper slopes. 


C. J. Posny,2! Assoc. M. Am. Soc. C. E.1*—The mathematical analysis of 
the hydraulic jump on a sloping floor, presented in this paper, parallels logically 
the well-established momentum analysis of the jump on a horizontal floor. The 
final result is not obtained by purely analytical means, as is that for the jump 
on a horizontal floor, because of the effect of the unknown weight of the water 
in the jump itself, a major factor which cannot be eliminated from the momen- 
tum equation. The author’s method of introducing this factor into the equa- 
tion seems to be as rational as can be used and still permit a simple algebraic 

21 Associate Prof., Hydraulics and Structural Eng., State Univ. of Iowa, and Research Enegr., Towa 


Inst. of Hydr. Research, Iowa City, Iowa. 
21a Received by the Secretary March 25, 1943. 
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solution. Evaluation of the empirical function necessary is based on the 
large-scale experiments made by Mr. Yarnell. 

The author’s classification of the jump on a sloping floor into four cases is 
a convenience in studying the experimental data, but it should be noted that 
his subsequent analysis of the data shows that only three different classifications 
really may be necessary. For a floor with 1 on 6 slope, the data for Case 3 and 
Case 4 fit the same equation with no significant difference in average coefficients, 
as shown in Fig. 6. The points showing the maximum positive and negative 
deviations in Fig. 6(c) are all for Case 3, however, a fact which may indicate a 
slight difference between the two cases on the basis of variability. If further 
investigation shows no measurable differences, these two cases can be con- 
sidered to be but one—a hydraulic jump on a sloping floor. Case 2 is a 
hydraulic jump forming across or “straddling” a change of grade from a steep 
slope to a horizontal or nearly horizontal slope. Case 1, as the author states, 
is the ordinary hydraulic jump on a level floor. 

It seems likely that for the steeper slopes the phenomenon may change 
entirely, with the jet plunging under with little localized impact and continuing 
far downstream as a thread of high-velocity current. This happens to a jump 
below a sluice gate if the tailwater is raised so high that the jump is ‘drowned 
out.’’ (Below a gate in a horizontal channel, an intermediate phenomenon 
known as the submerged jump can form; but it does not form over a very wide 


range of tailwater depths, and the sharply rising water surface over the sub- 


merged jump indicates considerable localized impact and energy loss.) A 
drowned-out jump cannot be classed as a true jump since it has lost its ability 
to lower velocities safely within a short distance along the stream. Therefore, 
it is important to know at what Froude number the jump on any given slope 


tends to plunge and become similar to a drowned-out jump. Both Froude 


number and slope evidently are involved because, if the slope is near zero, there 


seems to be no limit to the Froude number for which a true jump will form; 


whereas, if the slope is near infinity, the jet will plunge, no matter how low the 


Froude number. It may be that other factors also are involved, for air entrain-— 


ment may play a vital part in the energy-destroying and velocity-evening 
capacity of the true jump. Certainly the change of grade which was a com- 
plicating feature of the Yarnell experiments would have an effect. Many 
investigators have observed that for particular setups there is an apron slope 


above which true jump action ceases. In the report on hydraulic tests referred - 


to by the author, for example, occurs the statement, ‘The slope of 1 on 4 * * * 
is about the steepest that can be used and still obtain a satisfactory jump 
formation.” 2 

The Yarnell data include a large number of jumps straddling the change of 
grade. Although the author presents a method of computing the height of 
such jumps if the floor slope is 1 on 6, he gives no method for the steeper slopes 
because the data did not include enough jumps that were complete upstream 


from the change in grade for these steeper slopes. According to his method, 


coefficients for jumps complete on the slope must be determined before the : 


heights of straddling jumps can be estimated. It may be possible to devise a 


Ee ™ * 
22 “Hydraulic Tests on the Spill f the M: “¢ i i 
Angee ey voaee (loss. Tr tbon e Madden Dam,” by Richard R. Randolph, Jr., Transactions, 
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more direct method of analysis that could be used to summarize Mr. Yarnell’s 
data on straddling jumps. Such a method would have to make a clean break 
away from the type of analysis that has been successful with the i jump on a level 
floor. For practical use in engineering design and construction, the final 
information desired is whether, in a given situation, the j Jump will form, and if 
it will form, where its location will be. For a nearly horizontal channel, this 
Sipe Kiaition’ can be obtained if, in addition to the upstream and downstream 
flow conditions, the height and length-of the jump are known. For flat slopes, 
close to Berea friction slopes, the height is the more important element, 
although J. W. Trahern, Assoc. M. Am. Soc. C. E., has shown that the length 
also must be considered in determining where the eines will form.2 The im- 
portance of the height and the remarkably close agreement between theory and 
data, for jumps in channels that may be considered horizontal, naturally suggest 
that the height should be the first element for investigation in the case of the 
jump on a sloping floor. The steeper the slope, however, the less important is 
the height, for the more certain it is that the jump will form a short distance 
downstream from the intersection of the tailwater surface profile and the 
profile of the high-velocity flow on the slope. The information needed for 
design purposes is the location of the downstream end of the jump, where 
velocities have become sufficiently low to permit ending the apron. This 
point can be fixed by supplying its distance from the point of intersection of the 
upstream and downstream water-surface profiles, a distance that can be deter- 
mined experimentally as a function of the Froude number and the profile of 
the channel bottom. 

This method of attack would not be satisfactory for slopes so flat that the 
distance from the intersection of the headwater and tailwater profiles to the 
toe of the jump was large in comparison with the length of the jump but not 
flat enough to permit neglecting the horizontal component of the bottom 
pressure under the jump profile. The 1 on 6 slopes for which experimental 
coefficients are obtained by the author are apparently in this range. Even 
here, however, there may be an advantage in discarding the traditional 
“height-of-jump”’ approach. Using the author’s coefficients for a 1 on 6 slope, 


Eq. 14 becomes 
7X 
dy avi — ae oa ae 10M ee eee ee (50) 


The points determining the experimental coefficient ¢, plotted in Fig. 6(a), 
seem to lie very close to the average curve. In the range \ = 5 to A = 10, 
however, Fig. 6(a) shows a range of uncertainty of ¢ between 2.05 to 2.50. 
Substitution of the appropriate values in Eq. 50 shows that the corresponding 


uncertainty in the ratio oi is about 40%. Near \ = 40, d may vary between 
1.6 and 1.95, according to the data plotted in Fig. 6(a), giving a possible range 
of values for ds of from 12.5 to 14.5, a variation of about 16%. Moreover, the 


dy 
designer is not finished when he has found dz because d is measured upward 


ET J ee ee ee eee eS 
23 “‘Tocation of the aigranee Jump,’”’ by J. W. Trahern, Western Construction News and Highways 
Builder, October 25, 1932, p. 608. 
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from a point on the steeply sloping bottom. The location of this point, at the 
ae end of the jump, is also uncertain. According to the data in 


Fig. 6(b), 2 , may vary from 3.2 to 3.8 in the range \ = 5 to A = 10, or from 


2.4 to rs near \} = 40. The corresponding uncertainty in water-surface 
elevation, from this source, is about 0.10 d2 in the former case and about 0.16 dz | 
in the latter. As far as can be ascertained from Figs. 6(a) and (b), these un- 
certainties are in addition to, and independent of, those due to possible vari- 
ationsin ¢@. In combination, they amount to a possible maximum of from 30% 
to 50% of de. Fig. 6(c) shows the actual total range for the data plotted to 
be about 36% of dx. This uncertainty becomes especially significant when it 
is realized that, for a jump in a sloping flume, dz is the largest vertical dimension. 
In view of the fact that the phenomenon has so much inherent variability, 
would it not be better to use a simpler method for representing the experi- 
mental results? The following relationships could be plotted so as to show the 
variation of the experimental values and give directly, without the necessity 
of substitution into intricate formulas, the information needed by the designer: 


i= FeOyrd) eat ht gee (51a) 
1 
and 
ods Ou, Ghaist «da eatidie: ea (51b) 
1 


In these equations the variables are the same as those shown in Figs. 2 and 5. 
It is suggested that the height and length of the jump be given in terms of d; 
rather than d2 because dz is purely a dependent variable with little or no real 
utility in the case of the jump on a steeply sloping floor. 

With regard to the author’s use of \, the “kinetic flow factor,” it might be 
well to note that a factor of similar cppriahen but of greater usefulness in 
practical hydraulic work is the ratio of the velocity head to the depth. It has 

‘much older standing in American literature than either the kinetic flow factor . 
or the Froude number. Representing this ratio by w, the equation of the 
hydraulic jump in a horizontal channel of rectangular cross section becomes 


de 1 1 
a ee wo+—=-Hs ofa e, fella shiv bres cucaat ola enieunmee ee (52) 


The factor w could be used advantageously instead of ) in all of the equations, 

including Eqs. 51. Unfortunately, w has no short convenient name. A state 

of confusion (apparent at least to the beginner) exists when hydraulic engineers 

refer to the Froude number and then plot charts in illustration showing values 

of A, which is not numerically equal to the Froude number. Since w is more 

convenient for practical work, why not use it, giving it some simple name such 
as “velocity-head ratio’? The writer knows of no other technical use of this 

phrase, and its meaning is at least as evident as is that of “kinetic flow factor” 
or ‘Froude number.”’ 


Correction for Transactions: In November, 1942, Proceedings, page 1477, 
caption for Fig. 3, change “Case 3” to ‘Case 4.” 
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Discussion 
By GREGORY P. TSCHEBOTARIOFF, M. Am. Soc. C. E. 


Grecory P. Tscumsorariorr,® M: Am. Soc. C. E.2—The studies de- 
scribed in this Symposium mark an important milestone in the development 
of applied soil mechanics. Well-organized, full-scale observations were made 
during and after construction in combination with extensive laboratory and 
field tests. This research made possible a scientific comparison of the observed 
facts with those which should be expected if existing theoretical conceptions 

were valid. Only continued studies of this kind on future structures in many 
‘locations promise to give foundation and excavation engineers a real knowledge 
_ of the actual, instead of the assumed, factors of safety provided by their designs. 

In this discussion, the writer mainly wishes to indicate some generalizations 
“made by the authors of the papers of this Symposium which do not appear to 
be justified entirely in the light of experience elsewhere. In so doing, the writer 
does not wish to detract, in any way, from the importance of the work per- 
formed. On the contrary, his conclusion will be that more studies of this 
kind are essential. 

The papers of this Symposium are discussed in the order of their presenta- 
‘tion. The studies on the Chicago subway described by Professor Terzaghi 
nd Mr. Peck undoubtedly have contributed greatly to the rationalization of 
current construction procedures and future designs in that region. 

In addition; conclusions of general interest were reached. One such 
conclusion is: “‘No evidence has been found that the angle of shearing resistance 
of the clay is appreciably in excess of zero degrees at any point’’ (see heading, 
“TT, Soil Investigations: Soil Testing’’). In this connection, Professor Terzaghi 


stated that 


.—Thi osium was published in June, 1942, Proceedings. Discussion on this Symposium 
has eal in Procouinoa, as follows: September, 1942, by Messrs. Ralph H. Burke, L. G. Lenhardt, 
George E. Shafer, and M. E. Chamberlain; December, 1942, by A. A. Eremin, Assoc. M. Am. Soc. C. E.; 
and April, 1943, by Messrs. A. E. Cummings, and D. M. Burmister. 

32 Asst. Prof., Civ. Eng., Princeton Univ., Princeton, Ny J: 
32¢ Received by the Secretary April 1, 1943. 
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“é * * he has found repeatedly * * * that slopes on soft, undisturbed 
clays fail if the average shearing stress on the potential surface of sliding 
becomes roughly equal to one half of the average nonconfined compressive 
strength of fairly undisturbed samples regardless of the depth of the 
overburden. On the other hand, no one has ever published any field 
data that would demonstrate adequately the existence of a pressure- 
conditioned shearing resistance in soft clay deposits in other localities. 


The foregoing generalizations are not justified entirely. Because of such 
statements, some engineers believe that the shearing strength of all soft 
clay deposits never is pressure conditioned and that the component of possible 
shearing resistance caused by the intensity of normal pressure is to be neglected - 
entirely in all cases. Such a concept appears to be quite unwarranted and 
should be avoided. 

Data published contemporaneously with the Symposium provide material 
for contrary conclusions. For example, L. F. Cooling and H. Q. Golder, of 
the British Building Research Station, have investigated the failure of an earth 
dam during construction® at Chingford, Essex, England. The dam was 
underlain by a natural layer of undisturbed soft clay. In their paper, it is 
stated: 


“Theoretically, if a load is applied to a clay sample, the shear strength 
will increase as the sample consolidates under the applied load. * * * 
Evidence confirming these theories was obtained. The mean shear 
strength of the clay which had been under 26 feet of bank was 5.2 lbs. 
per square inch, whilst under 11 feet of bank it was only 3.7 lbs. per 
square inch. The mean moisture content under 26 feet of bank was 
80.0 per cent; under 11 feet of bank, it was 87.8 per cent. * * * At the 
time of the slip, most of the bank material had been in position only 
about 37 days, and the mean shear strength of the clay was 2.0 lbs. per 
square inch. The later samples were taken after 8 months, and the mean 
shear strength under 26 feet of bank was 5.2 lbs. per square inch. That 
is an increase of 3.2 lbs. per square inch under an applied pressure of 
1.34 ton per square inch.” 


Kenneth E. Fields and William L. Wells,** Associate Members, Am. Soc. 
C. E., have described a similar case. A levee was built over a soft clay layer 
in a manner calculated to produce failure. Pore pressures were measured 
continuously in the clay. Laboratory tests on the clay were followed by an 
analysis of the induced failure after it occurred. The results indicate definitely 
that considerable frictional resistance must have been present if pore pressures) 
were taken into account and that the only question is—what was the exact 
relative value of this frictional resistance. 

At first glance, the results of the failure studies at Chingford and at Pendle- 
ton would appear to be in complete contradiction to the conclusions drawn 
from the Chicago observations by Professor Terzaghi. A closer examination, 
however, will show that they may place only certain limitations on some of 
the generalized statements made by Professor Terzaghi (see heading, “II. - 


5 ‘Stability of Slopes of Natural Clay,’’ by K. Terzaghi, Proceedi eal f i 
Soil Mechanics, Cambridge, Mass., Vol. on. 161-165. eb, Proceeiinos;, Intemasions! ont aaa 
33 “The Analysis of the Failure of an Earth Dam during Construction,’’ Le dF i 
and Hugh Quentin Golder, Journal, Institution of Civ. Engrs., London, Nazemben 1942, aon ae 


% “*Pendleton Levee Failure,” by Kenneth E, Fi Willi fs i 
PeDaet oe ace y e Fields and William L. Wells, Proceedings, Am. Soc. C. 
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Soil Investigations: Soil Testing’) and that these limitations do not apply 
necessarily to soil and loading conditions similar to the ones encountered 
during the work on the Chicago subways. : 

Some of the curves giving the change of water content of the Chicago, clay 
with depth (for instance, Figs. 21(c) and 22(c)) show that there is scarcely any 
decrease of water content with depth. Similar conditions were observed in 
other localities, and this phenomenon has been explained tentatively by 
Professor Terzaghi himself.**+ It was attributed to the peculiar structure of 
certain very slowly deposited natural soft clays. This structure was created 
by the gradual building up of the bond strength between the clay particles 
accompanied by a gradual transfer of stress from the adsorbed water films to 
the solids. Apparently, no consolidation took place after a certain point, 
since the weight of the gradually deposited overburden increased at so slow a 
rate that the resultant increase of bond strength could keep pace with it. 

Assuming that the Chicago clay deposits have been formed in a manner 

_ corresponding to the foregoing hypothesis, the results of the Chicago subway 
observations do not appear surprising. The excavation in open cuts probably 
was not accompanied by a disturbance of the adjoining clay sufficient both to 
produce any further appreciable consolidation during the period of measure- 
ments and to increase its shearing strength. The vertical pressures in the 
clay mass remained unchanged at all times; and the lateral pressure decreased 
only slightly as a result of the yielding of the piles. 

_ The Chingford and the Pendleton conditions were entirely different. 
Considerable additional vertical surcharge was applied to the clay at a rela- 
tively rapid rate. Consolidation naturally resulted and was accompanied by 
an increase of shearing strength. It follows, therefore, that the shearing 
strength of soft clays can be pressure conditioned if an additional considerable 
load is applied rapidly. Therefore, the foregoing generalized statement (see 
heading, “II. Soil Investigations: Soil Testing’’) should be limited accordingly. 

A second limitation of this generalized statement should be made, since it 
does not appear to apply to all types of soft clays. For instance, varved clays 
apparently can have appreciable frictional resistance, although varved clays 
belong to the category of soft clays. The writer had the opportunity to 
investigate a slide in a riverbank through a bed of soft varved clay. Making 
allowance for all the uncertain factors in that investigation, it, nevertheless, 
could be stated very definitely that cohesive forces alone, as determined by 
the unconfined compressive strength tests, could not possibly have been 
responsible both for the stability of the bank during previous years and for 
the stability of all other similarly located sections which had not failed. The 
shearing strength necessary to provide such stability. was from 50% to 100% 
higher than the shearing strength due to cohesion. The failure immediately 
followed the driving of a few piles in the vicinity. A tentative explanation is 
that the thin layers of silt-like rock flour in varved clays provided frictional 
resistance, but were at the same time largely responsible for its sudden decrease 
as a result of vibrations. 


ANS EEE ic ce a Maa ne nn ee 
. %“Undisturbed Clay Samples and Undisturbed Clays,’’ by Karl Terzaghi, Journal, Boston Soc. of 
Civ. Engrs., July, 1941, pp. 215, 219-222, and 229, 
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A third point that the writer would like to emphasize is related to the 
assumption that Chicago clay had no frictional resistance at all. This appears 
possible, and even likely, but cannot be considered proved definitely. Some 
diagrams (for instance, Fig. 20(c)) indicate an increase of the water content 
with depth, showing that the structure of the clay was not always of the type 
outlined in the previous discussion. Furthermore, the zero value for the angle 
of frictional resistance of the clay was arrived at after a certain shearing strength 
was assigned to the overlying sand. The assumptions concerning the shearing 
resistance of this sand layer do not appear to be entirely convincing. Since 
some movement of the upper part of the sheet piling was observed prior to 
the installation of the first row of struts, such a movement easily might have 
reduced strongly the horizontal pressure component in the sand layer, so that 
the shearing strength assigned to it may have been too high. This, in turn, 
would indicate that the actual shearing strength of the clay was higher than 
the one assumed, and that some frictional resistance was present. So far as 
future designs in Chicago are concerned, this point is of little practical im- 
portance. The studies there have established the actual values of earth 


pressures which can be used for further designs in that region. However, the 


point emphasized by the writer should be considered in relation to designs in 
other localities where no such sand layers are present above the clay. Further 
studies of this type are extremely important in order to clarify the question 
concerning the amount of frictional resistance which different types of clay 
may have under varying conditions. 

The results of Professor Housel’s observations on the Detroit sewer tunnels 
are of considerable interest, especially since the studies have been conducted 
over a period of years. The results appear to indicate a change of pressure 
with time, interpreted as signifying plastic deformations which gradually 
increased the pressures on the tunnel lining. However, the diagrams of the 
paper show considerable scattering of the readings on the Goldbeck cells. 


It would be interesting to learn, from the authors’ closing discussion, the — 
manner in which the readings were made. Professor Terzaghi* has expressed 


some doubt as to the efficiency of the Goldbeck cells when measuring pressures 
in clay, because the soil pressure registered is a function of the rate of application 
of the air pressure on the cell membrane. Furthermore, it appears conceivable, 
although not very likely, that the readings increased with time as a result of 
a progressive stiffening and increased resistance of the clay to displacement by 
the cell membrane, whereas the static pressure of the clay actually remained 
unchanged. Professor Housel made his observations with the most efficient 
equipment available at the time. The results are of considerable practical — 


importance and should be given due consideration. However, it is to be 


hoped that similar measurements will be repeated with the more modern and 
precise electric resistivity pressure cells now available. 


In conclusion, the writer wishes to compliment the authors of the three _ 


papers on their outstanding contribution to engineering knowledge in the field 
of applied soil ‘mechanics. 


6 “Measurements of Pore Water Pressure in Silt and er i, Civil ineeri: 
pte ret pies b e i and Clay,” by Karl Terzaghi, Civil Engineering, 
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CONFORMITY BETWEEN MODEL 
AND PROTOTYPE 
A SYMPOSIUM 


Discussion 


By Messrs. D. C. MCCONAUGHY, L. STANDISH HALL, A. J. GILARDI, 
FRED W. BLAISDELL, AND A. R. THOMAS 


D. C. McConavueuy,* Esq.*—Mr. Warnock mentions the importance of 
comparing the performance of model and prototype in order to determine the 
extent to which the model may be relied upon for quantitative results, and com- 
ments on the small amount of progress made in this direction. As bearing on 
this question, the writer should like to present the following comparison be- 
tween performance of a river channel improvement model having a discharge 
of 1.75 cu ft per sec and its prototype having a discharge of 276,000 cu ft per sec. 

To prevent undesirable elevations of the backwater in the Columbia River 
above Grand Coulee Dam in the vicinity of the International Boundary, studies 
of the possibilities of river channel improvement were undertaken in 1940. 
Of course, these required’ a knowledge of backwater conditions over the entire 
distance of nearly 150 miles, which was obtained by computation. For im- 
provement work, attention was concentrated on a large rapids known as 
“The Little Dalles,’’ about 16 miles below the International Boundary line. 
Here, for a distance of about 2,500 ft, the normal channel width of about 1,000 
ft is constricted to a width of about 300 ft, with a depth of about 200 ft. The 
flow at normal flood discharges was characterized by huge boils and eddies, 
the loss in head through the reach varying from a few feet for low discharge to 
an estimated 32 ft for the probable maximum discharge of about 650,000 cu 
ft per sec. 

The right side of the channel at “The Little Dalles’ rises abruptly; the 
left side levels out to a broad shelf. A large rock island, submerged at high 


Nory.—This Symposium was published in October, 1942, Proceedings. Discussion on this Symposium 
has appeared in PileedhGe: as follows: December, 1942, by A. E. Niederhoff, Assoc. M. Am. Soc. C. E.; 
January, 1943, by Messrs. C. I. Grimm, and Joe W. Johnson; February, 1948, by V. L. Streeter, Assoc. 
M. Am. Soc. C. E.; March, 1943, by Glen N. Cox, M. Am. Soc. C. E.; and April, 1943, by Messrs. Graham 
Walton, H. A. Einstein, K. G. Tower, R. J. Pafford, Jr., Edward H. Schulz, and F. T. Mavis. 

26 Senior Engr., Bureau of Reclamation, U. S. Dept. of the Interior, Denver, Colo. 

26a Received by the Secretary March 29, 1943, 
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discharges, obstructed the entrance. Near the lower end a large pinnacle of 
rock rose above the water surface, and at the right side a spur of rock pro- 
jected into the channel, apparently causing considerable loss of head. On 
account of the topography and inaccessibility of the right bank, the aim was 
to confine excavation to the left side and to keep the bottom of the excavation 
above low water. The resulting enlarged channel thus would have a com- 
paratively shallow bench, of varying width, at one side of the natural deep 
narrow channel. It was desired to know the effect of removal of the island 
to varying elevations, the effect of removal of the pinnacle and spur previously 
mentioned, and the effect of these on the amount of excavation required on the 
left bank, as well as the effect of different amounts of excavation on the losses. 
Some of the excavation had to be wasted in the natural river channel, if pos- 
sible, to save the expense of handling. As the bottom was irregular, it was 
hoped this might be done without appreciable effect. 

The stretch of river immediately below the rapids acted as a stilling basin 
for the high velocities through the narrow section, and the value of the rough- 
ness coefficient to be used under altered conditions was uncertain. Also it 
was desired to have a check on the validity of certain assumptions as to the 
relation between the roughness coefficient for the channel under natural and 
under backwater conditions, used in computations. 

A model offered the best, if not the only, means of obtaining the informa- 
tion desired. The channel was stable, and water-surface elevations above and 
below the reach were available up to a discharge of 420,000 cu ft per sec, so 
that the gage-discharge curves could be accepted with confidence, at least up 
to that discharge. Since data for discharges up to 650,000 cu ft per sec were 
required, it was necessary to extend the curves to that figure. The upstream 
curve had certain peculiarities, probably due to the effect of the island, and 
extensions failed to agree by several feet with an apparently reliable high- 
water mark. Computed water surfaces, starting from the downstream sta- 
tion, checked one method of extension, and the model later checked this ex- 
tension to within about a foot. This elevation was very important, on ac- 
count of its nearness to the boundary. There was also a gage-discharge record 
up to 361,000 cu ft per sec at a point slightly above the lower end of the con- 
stricted section and about halfway between the two stations, which were 
about a mile apart. Topography had been taken above the low-water surface, 
and the low-water channel had been cross-sectioned at an average interval of 


about 200 ft, the sections being closer together at the upper end where the 


section was changing fast. 

Space limited the scale of the model to 1: 120, although a larger scale 
would have been better. After the model was built, it was “calibrated” by 
roughening the sides until the model water surface agreed with the field data 
for the three known points. This roughening was done by adding lumps of 
concrete to the sides and bottom of the channel and by placing somewhat 
larger pieces in the shape of needles in the channel, the cross sections indicating 
that such formations were present in the prototype. Photographs of the river 


<<«rst 


were of considerable assistance in this work. After the calibration was com- _ 


pleted in the spring of 1940, profiles of the water surface were obtained from 
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the field during the annual flood for discharges between 62,000 and 240,000 
cu ft per sec. The agreement between these profiles and those obtained from 
the model was remarkable, such differences as existed being easily attributable 
to the effects of local conditions at the points where the field measurements 
were made. After the “calibration” was completed, studies of the losses 
through the reach for varying amounts of backwater and discharge were made 
for a variety of channel improvements. 

As a result of the model studies, it was found that excavation of the island 
at the entrance for any practicable distance below El. 1,255 was ineffective; 
that the removal of the spur on the right side at the outlet was comparatively 
ineffective; that equally good results could be obtained by excavation on the 
left bank; that the removal of the needle was effective; that some further de- 
crease in the loss could be effected by proper disposition of the spoil from the 
excavation; and that none of the spoil could be deposited in the channel with- 
out affecting the losses. It was possible to lower the water surface upstream 
by 7 ft at the maximum discharge contemplated (650,000 cu ft per sec), by 
excavation estimated at 300,000 cu yd, mostly in the left bank. Comparison 
of relative effects of varying amounts of excavation indicated that this was 
about the limit of what could be accomplished, great further increases in the 
amount of excavation resulting in little corresponding benefit. 

Unfortunately for the purposes of this discussion, there have been no large 
discharges since the work was completed. However, it seems timely to give 
such data as have been obtained (see Table 13). 


TABLE 13.—Comparison oF ACTUAL AND PrepicTED Lossrs, THE 
LittLe DaLues CHANNEL IMPROVEMENT—COLUMBIA RIVER 


Lossks, IN FT 


* Discharge, in Water-surface eleva- Error 
cu ft per sec tion downstream rs Lea Ce (ft) 
Predicted Prototype 
94,700 1,289.93 0.90 ‘0.83 0.07 
127,000 1,287.63 1.40 1.62 0.22 
144,000 1,261.93 8.00 8.06 0.06 
146,000 1,288.53 1.60 1.87 0.27 
188,000 1,290.53 2.45 2.91 0.46 
215,000 1,287.48 3.70 4.25 0.55 
217,000 1,291.89 3.10 3.62 0.52 
225,000 1,270.17 9.90 10.80 0.40 
235,000 1,291.96 3.70 81 0.11 
246,000 1,273.25 9.70 10.19 0.49 
247,000 1,291.06 4.30 4.70 0.40 
252,000 1,277.04 8.25 8.73 0.48 
255,000 1,280.62 7.05 7.29 0.24 
269,000 1,285.78 6.30 6.66 0.36 
273,000 1,287.90 5.90 6.60 0.70 
276,000 1,288.14 5.95 6.53 0.58 


Se 
NE ————————— 


The actual losses are greater than those predicted from the model, except 
in one case, and the difference seems to increase with increasing discharge. 
The variation in differences for nearly similar conditions leads to the con- 
jecture that the average of a greater number of field observations might agree 
more closely with the predictions. Although, as previously stated, the model 
showed that no spoil should be deposited in the channel, it was not possible 
to keep out all the excavation. An unknown amount (probably not large, 
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comparatively) reached the channel and, to some extent at least, the dis- 
erepancies may be caused by this fact. Model observations were made in 
discharge increments of 100,000 cu ft per sec, and there may be small errors 
due to interpolation for other discharges. 


L. SranpisH Hatt,?” M. Am. Soc. C. E.27*—The subject covered by the 
Symposium is very timely and indicates the need for further study on the 
conformity between model and prototype. As a matter of fact, much can be 
learned by studying the actual operation of structures already built. The 
reasons for the apathy in checking the performance of hydraulic structures 
have been excellently presented in the paper by Messrs. Warnock and Dewey. 
Nevertheless, many factors entering into hydraulic design are observed best in 
full-size structures. These factors include air entrainment, air locking, 
vibration, cavitation, standing waves, wave trains, bed movement, and scour 
below structures. The value of photography in studying many of the phe- 
nomena, needs to be stressed particularly. 

Frequently papers are prepared describing in detail new construction 
shortly after the completion of the work, but before an opportufity has been 
provided to test out their actual operation. If, at a later date, it is found that 
changes are necessary in order to improve the operation, very often no publicity 
is given to these alterations, with the result that some future designer searching ~ 
engineering literature for ideas may duplicate the same errors by repeating the 
original unsatisfactory designs. For this reason, the writer wishes to call 
attention to two unsatisfactory designs that have required modification. 

The San Pablo Dam near Oakland, Calif., was constructed in 1917—1920 
(65)?7° and was provided with both an open-channel spillway and an auxiliary 
vertical shaft spillway equipped with outlet gates below full reservoir level. 
The horizontal leg of the shaft spillway was laid on a re-entrant grade, and a — 
weir was built below the outlet to assure submergence of the tunnel. The 
idea behind this design was that a water cushion always would be provided by 
the 24-ft column of water impounded at the bottom of the vertical shaft. 
The problem of disposal of air carried by the falling water into the horizontal 
leg, if considered, was dismissed as not being of serious importance. In 
operation, it was found that small bubbles were carried down the vertical shaft 
and into the horizontal leg, where they accumulated in large bubbles along the 
roof. These bubbles moved slowly along the grade of the tunnel toward the 
outlet and discharged periodically with explosive violence, throwing water as 
spray to a height of 40 to 50 ft in the air. The vibration caused in the tunnel 
following each of these air discharges was also a serious problem. 

A model was built of this shaft by the engineering division of the East 
Bay Municipal Utility District in Oakland to test the operation with valves 
placed at the bottom of the vertical leg which would control the opening and 
keep the proposed discharge outlet into the horizontal leg submerged at all 
times. This alteration reduced the discharge capacity of the shaft spillway, 
eR ee 


27 Hydr. Engr., East Bay Municipal Utility Dist., Oakland, Calif. 
27a Received by the Secretary March 29, 1943. 


27% Numerals in parentheses, thus: 


(65), refer to co ding i i ibli i 
appears as the last unit of the rresponding items in the Bibliography, which 


Symposium, and at the end of discussion in this issue. 
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but the open spillway is of adequate capacity to carry the largest flood (66). 
The model was built on a 1-to-14 scale and it was found that, if the submergence 
of the valves was not greater than 6 ft, air bubbles, caused by the impact of, 
the stream falling from the top of the shaft, could be carried through the water 
cushion into the horizontal leg of the spillway. In the prototype, this would 
be equivalent to a submergence of 84 ft, although it is not known whether this 
proportional relation between model and prototype is applicable with reference 
to these air bubbles. However, a submergence in the 84 ft of the prototype was 
entirely feasible. In the model test, air bubbles discharging freely at the 
tunnel outlet through the horizontal leg threw spray to a height of about 1 ft. 
This would be equivalent to 14 ft in the prototype, although, as previously 
stated, the spray actually was thrown to a height of between 40 to 50 ft in the 
prototype. Likewise, the mild vibrations in the model would be difficult to 
translate into the violent temblors of the prototype. The alteration on this 
structure apparently will remedy the previous faulty operation, but the tests 
indicate that strict conformity between model and prototype cannot be 
obtained under conditions of air entrainment in closed conduits. 

The second structure to be considered is the tunnel spillway at the Chabot 
Dam near Oakland, which is one of the two spillways at this dam. This 
particular structure, constructed of masonry in 1889, has a side-channel 
spillway discharging into a tunnel. The weir at the inlet consists of three 
openings, each 13 ft wide, with the tunnel portal located only 10 ft from the 
downstream opening. The water drops 8 ft to the level floor of the channel, 
which merges into a transition section built on a grade of 6.1%. The tunnel 
is a 10-ft by 10-ft horseshoe section 1,438 ft long. Except for the entrance, 
the grade is 2.5%. At the tunnel outlet the waterway expands abruptly into 
an open masonry channel about 17 ft wide. This channel has a length of 
662 ft from the tunnel outlet to the vertical overfall to the creek, and has a 
horizontal curve near the tunnel outlet. From this description it can be 
gathered that the structure violates practically every principle of modern 
hydraulic design for streamline flow. 

The operation of the tunnel spillway under full discharge has never been 
satisfactory because of the poor hydraulic properties of the tunnel inlet and 
outlet. The weir has a potential capacity of 4,000 to 5,000 ft, but this cannot 
be utilized fully as the carrying capacity of the tunnel is only 2,000 cu ft per sec. 

As the maximum carrying capacity is approached, the tunnel mouth is 
submerged, and air entrained in the water at the drop over the weir is carried 
into the tunnel. This air rises to the roof of the tunnel within 400 ft of the 
inlet, and a portion escapes through the downstream portal. A section of the 
tunnel, 100 to 200 ft long below the inlet, is under pressure of the air and water 
mixture, and, when sufficient pressure is created, a portion of the air accumu- 
lated along the roof discharges violently back through the inlet, throwing 
spray into the air. The water, rushing into replace the discharging air, causes 
severe vibrations in the masonry of the tunnel. 

Flow conditions at the outlet, at maximum discharge, also are not satis- 
factory. The sudden expansion of the cross section creates cross waves which 
overtop the walls. The horizontal curve farther downstream augments the 
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cross waves and causes an overtopping of the walls for a second time. Water 
overtopping the walls of the channel does no particular damage, since the 
top of the wall is below natural ground surface and the water returns to the 
channel. Furthermore, floods of sufficient magnitude to cause overtopping 
rarely occur. 

Normal consideration of the hydraulic conditions at the tunnel entrance 
would not reveal the cause of the pressure built up by entrained air at this 
point. With the contraction of the stream and loss of head at the portal, it 
would be impossible for the tunnel to flow at full capacity below the inlet, 
and, therefore, the air carried into the tunnel should be able to discharge 
freely from the lower end. The most probable explanation of the phenomenon 
is as follows: 


1, Air is entrained by the water dropping over the steps of the entrance 
weir. Model experiments (67) by Julian Hinds, M. Am. Soc. C. E., on side- 
channel spillways indicate that a considerable volume of air may be entrained 
in the water below a weir. Even with the small heads used in his experiments 
(not more than 1 ft), the volume of entrained air was as high as 20% and 
averaged at least 4%. With large spillways, the entrainment naturally would 
be much greater than the average determined from model tests. 

2. Air entrained in the water by the initial drop tends to escape, provided 
the velocity of the water is not sufficient to maintain the insufflation created 
by the drop over the weir. This would be the case above the Chabot tunnel 
portal, as a large part of the velocity is lost by the change in the direction of 
flow. However, much of the entrained air would be carried forward into the 
tunnel, as time would not permit the escape of much air in the short distance 
between the weir and the portal. In the tunnel section under capacity dis- 
charge, air entrainment or insufflation is reduced because of the small area 
exposed to the air. Hence, air entrained in the water tends to escape. As 
the water entering the tunnel will contain a considerable proportion of air in 
the form of bubbles, these will rise to the surface and with maximum flow will 
collect along the roof of the tunnel, since as soon as the mouth or portal is 
submerged, the upper end of the tunnel actually will be flowing under pressure. 
Hxperiments (68) by J. P. Frizell indicate the rate of rise of small bubbles in 
still water to be approximately 9 in. per sec. 

3. The uncertainty as to the amount of air entrained in the pool below the 
entrance weir precludes a precise calculation of the volume of air carried into 
the tunnel with the water. Study of photographs taken during the flood 


‘ 


: 


periods in the past leads to the belief that the amount was large enough to . 


obstruct the tunnel seriously. Assuming a 10% entrainment in the tunnel 
entrance, there would be a volume of 200 cu ft of air per sec at a discharge 
of 2,000 cu ft per sec. Air bubbles in the pool above the tunnel portal are 
compressed in direct proportion to their depth of submergence. Those near 
the bottom naturally have the greatest compression. After passing through 
the tunnel portal, a portion of the pressure head is converted into velocity 
_ head, and the reduction in pressure causes the air bubbles to expand, thereby 
increasing the air bulking. Hence, contrary to normal hydraulics the air-water 


ee 
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mixture fills the tunnel, except for an air pocket formed below the tunnel 
mouth by rising air bubbles. The mixture of air and water must cause a 
pressure within the tunnel well past the break in grade located 50 ft from the 
tunnel mouth, since, as soon as a clear space is formed continuously at the 
_tunnel roof, the air should escape at the downstream end. The air locking at 
the tunnel mouth must be caused by conditions in the first 50 ft or 100 ft of 
tunnel, since it does not seem likely, under reasonable assumption of entrance 
losses and tunnel friction losses, that the tunnel could flow full for its entire 
length even under the maximum possible reservoir elevations. As soon as 
sufficient air pressure has been built up in this part of the tunnel to exceed 
the water pressure at the portal, air escapes explosively through the tunnel 
entrance. The water rushing in to replace the escaped air in the tunnel 
creates a severe vibration of the tunnel lining. The vibration possibly could 
be caused by a hydraulic jump within the tunnel. If an air bubble formed 
along the roof 100 ft or more from the portal, the velocity in passing this 
obstruction might be great enough to cause a jump to form downstream. 
The slope of the tunnel at Chabot Reservoir is so steep (2.5%) that under 
flow conditions without air entrainment 4 jump could not occur. The refer- 
ences (69)(70) for a jump in closed conduits describe tests made on conduits 
for slight slope or with the outlet end submerged. 

4. The maximum distance that air bubbles can be carried into the tunnel 
before rising to the roof can be computed. The velocity of the water in the 
tunnel is slightly more than 80 ft per sec; hence, assuming a uniform distribution 
of entrained air in the tunnel cross section and assuming an average rate of 
rise of bubbles in water of 0.75 ft per sec, a bubble on the floor of the tunnel 
at the entrance will travel a distance of 430 ft from the inlet before reaching 
the roof.. Turbulent flow existing in the water actually will vary this distance 
of travel, but the computation serves to indicate the approximate length of 
tunnel required to accumulate all of the entrained air at the roof. The free 
air space downstream from this point will permit escape of this air through 
the outlet. 


The remedy directed toward the cure of the conditions of flow caused by 
submergence of the tunnel portal is relatively simple (although not yet effected 
because of the infrequency of major floods), as in this instance it is only neces- 

sary to provide gates on the entrance weir in order to preclude a discharge 

of water over the weir in excess of the capacity of the tunnel with free flow. 
However, to study more fully all of the flow problems of this structure, a 
model test would be very desirable. 

Undoubtedly, many other structures exist which have exhibited unsatis- 
factory flow conditions. A study of these structures by means of models 
would provide better knowledge of the conditions leading to nonconformity 
between model and prototype. At the same time more confidence would be 
developed in the conditions under which model tests may be relied on for 
quantitative results. Finally, a better interpolation of tendencies would be 
indicated in the model for those factors in which the attainment of exact 


similitude is impossible. 


; 
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A. J. Gitarpt,22 M. Am. Soc. C. E.28—In a discussion of conformity 
between model and prototype, it is well to differentiate between generic 
conformity and specific conformity. The first, generic conformity, refers to 
the similarity of behavior, indications, and tendencies between model and 
prototype, whereas the second, specific conformity, refers to agreement of 
measured quantities and derived coefficients in accordance with the laws of 
hydraulic similitude. The first also might be called qualitative conformity, 
and, the second, quantitative conformity. 

Specific conformity between model and prototype often is not ascertainable ° 
with accuracy. For instance, the prototype or improvement works may have 
been built differently from the model; or the conditions tested in the model 
may never occur in the prototype. On the other hand, accurate field measure- 
ments in the prototype may be too expensive or too impracticable to secure, 
and often less desirable methods or curtailed observations are substituted. 

In one particular experimental program, the preliminary tests of a large 
pump indicated that, with a special type of suction line, the output could be 
increased materially, especially if the diameter of the suction nipple were 
increased substantially. The prototype pump was built accordingly; but, 
unfortunately, the larger nipple was never tested in the model, and thus an 
excellent chance was lost to determine the specific conformity. The prototype 
results were very satisfactory and demonstrated the generic conformity. 
Incidentally, the preliminary tests alone were sufficient to secure the adoption 
of the formerly controversial type of suction line. In addition, the operational 
savings brought about by the increased diameter of the suction nipple in all 
probability paid for the cost of the entire experimental program in a short time. 

In a broad sense, generic conformity is much easier to ascertain than 
specific conformity, mostly because a reasonable similarity of construction 
and of conditions is usually sufficient. For this reason, statements are much 
more frequent on generic conformity than on specific conformity, and would 
be still more frequent, were it not for the following peculiarity of human nature. 

Men—and engineers—can learn as much by failures as they can by success. 
From the broad viewpoint of the engineering profession as a whole, how 
desirable it would be if the veil of secrecy surrounding some engineering 
mistakes were to be lifted just enough to prevent the recurrence thereof! 
Unfortunately, not much printer’s ink ever will be needed for such confessions. 

One or two examples will be sufficient to illustrate the point. In the case, 
of an overflow dam, some of the experiments showed that baffle piers would 
be subjected to the impact of debris and to much erosion on account of the 
presence of cobbles and other sediment in the water. These warning indica- 
tions were disregarded and the baffle piers were built, with the result that — 
considerable damage took place in a short time. 

On another project, experiments showed that a proposed layout would — 
bring about uneven and rough filling conditions and therefore that other — 
layouts which had performed more satisfactorily should be considered instead. 
However, the first-mentioned layout was adopted, and there has been trouble 
ever since. Again, a faulty decision! 

28 Received by the Secretary March 30, 1943. { 
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The Symposium is a very helpful contribution to the engineering literature 
on the subject of hydraulic models, and it is to be hoped that many other 
observations on the conformity between model and prototype will be made 
available to the profession in the course of time. However, the writer is 
inclined to think that what engineers need mostly is a more discriminating 
attitude toward hydraulic model experiments in general. 

There was a time when hydraulic experimentation was looked upon by 
many as mere play and when securing of funds for such work was full of 
endless difficulties. The pendulum has swung too far in the opposite direction 
since those days, and in more recent years some involved experimental programs 
have been conducted which either could have been omitted entirely or could 
have been curtailed very materially by adequate investigation and research: 

Also, there was a time when the results of hydraulic experimentation were 


looked upon with some suspicion, but here again the pendulum has swung too 


far in the opposite direction; and, particularly during the last ten or fifteen years, 
a definite tendency to place a blind reliance on hydraulic experimentation 
seems to have developed. In other words, although at one time reliability 
was doubted by many engineers, an even greater number now take such 
reliability for granted. 

The foregoing circumstances place a great responsibility upon hydraulic 
laboratories to undertake model studies only after thorough investigation and 
understanding of the prototype conditions and of the possibilities of reproducing 
them with accuracy in the model. The experimental program then should be 
selected and planned for the sole purpose of securing the required results with 
a minimum of time and expenditure and with elimination of all superfluous or 
duplicating data. Finally, great care should be exercised in the analysis of 
the results, formulation of conclusions, and presentation of recommendations. 
The most important phases of this work should be handied by engineers 
with practical experience and mature judgment. 

The project engineers, or consulting engineers as the case may be, should 
never forget that the ultimate responsibility for the success or failure of the 


. project is theirs, and should not permit their judgment to be swayed by pet 


ideas of their own or of some influential fellow engineers. These men should 
have a good working knowledge of hydraulic models and a realization of the 


‘limitations of such work, and should retain at all times the perspective of the 


ultimate goal to be attained. They should make sure that the hydraulic 
laboratory has understood and reproduced the prototype conditions and 
analyzed the results of the tests properly. Such warning indications as might 
have turned up during the experimental work should be taken into consideration. 
Some of the remarks in the preceding paragraph may seem quite obvious 
and somewhat superfluous, but engineers with extensive practical experience 
and with understanding of human nature probably will recall examples to 
which some of the foregoing statements apply readily. 
The field of hydraulic experimentation is very broad and extremely varied; 
as such, it has many pitfalls. In some unusually complex situations, the 
laboratories at which work was conducted failed to understand the prototype 
conditions, then the laboratories proceeded to formulate and conduct the 


i 
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experimental programs under conditions different from the significant ones, 
which of course led to wrong conclusions. In view of the aforementioned 
tendency to take the laboratory data at face value, satisfactory solution of | 
such situations has been delayed by many years—if not prevented entirely— 
through the confusing and harmful influence of such hydraulic experimental 
work. 

Hydraulic experimentation is an excellent tool for the solution of problems 
that cannot be approached satisfactorily in any other manner. However, it 
should be undertaken only after careful preliminary research, and then it 
should be prosecuted with meticulous care to its completion and should not 
be stopped before the best results are secured. 

Experience with hydraulic models shows that conformity between model and 
prototype already is well demonstrated and that engineers should focus their 
attention much more on both careful planning and execution of hydraulic 
experimentation and correct application of its results to the prototype. 


Frep W. BuaispE.u,?? Jun. Am. Soc. C. E.?°*—This Symposium on the 
conformity between model and prototype will serve partly to fill the need for 
quantitative data on this subject. As stated by Messrs. Warnock and Dewey 
(see heading, “‘Introduction’’), qualitative data, even though the comparisons 
are’ excellent, do not have quite the value to persons not associated closely 
with a specific project as do quantitative data. It is to be regretted that 
several of the prototypes discussed in the Symposium were not geometrically 
similar to their models. However, the results presented for even these struc-. 
tures are of considerable value in spite of the fact that, in some cases, the 
geometrical discrepancies are large enough to account for the lack of conformity. 

In 1939, at the Hydraulic Laboratory of the National Bureau of Standards, 
Washington, D. C., the writer tested several models of combination Parshall 
flume and shallow Columbus-notch measuring devices installed by the Soil 
Conservation Service on the Blacklands Experimental Watershed near Waco, 
Tex. (71).2% In this discussion, the results of the tests on Parshall flumes are’ 
compared with tests (72)(73) made by R. L. Parshall, Assoc. M. Am. Soc. C. E. 
The only comparisons possible for the Columbus notches are between the 
full-size and half-size models. 

Description of Parshall Flume Models.—The models (see Fig. 77 for drawings 
of a typical model) were made of concrete, the surface of which was painted 
with neat cement mortar after stripping the plywood forms. All inside surfaces’ 
were polished with a carborundum brick after the mortar had hardened. 
The same Parshall flume floor, crest, and false approach floor: were used for 
all models, new walls being cast to give the desired model dimensions. Di- 
mensions of the models tested, corresponding to those shown in Fig. 77, are 
presented in Table 14. ; 

Head and Discharge Measurements.—Head measurements, at the points 
indicated in Fig. 77 and Table 14, were made to 0.0005 ft with point gages. — 


29 Associate Hydr. Engr., SCS, U. S. Dept. of Agricult St. i 
BP itianecta Mitcdcue hea p griculture, St. Anthony Falls Hydr. Laboratory, van 
29a Received by the Secretary March 31, 1943. { 
29» Numerals in parentheses, thus: (71), refer to corresponding items in the Bibli i 
appears as the last unit of the Symposium, and at the end of diaddnniohs in this issue amt : 
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In addition, water-level recorder data ordinarily were obtained for each run. 
The recorder charts were read to 0.001 ft, and the readings were corrected for 
instrumental errors, line shift, and paper expansion before being compared 


TABLE 14.—ProrotyPe DIMENSIONS (IN FEET) OF 
ParsHALL FitumMEes TESTED 
a ——————————————————_—_____ EEE 


ApproacH FLOOR ELEVATION 


Crest Scal Width, Flume Crest to Oprosirn P1mzoMETER 
length, ste upstream length piezometer 
throat 1 to ex 1 (nominal) | along wall 
width (nominal) South Center line North 
(1) (2) (3) (4) (5) (6) (7) (8) 
6.001 1 8.75 6.86 va 10.007 10.006 10.006 
.006 1 8.75 6.86 4,71 share ofthe. 
6004 2 8.75 6.86 4.33 10.002 10.002 10.000 
9.990 3 15.62 14.00 6.00 10.000 10.000 9.999 
14.985 5 25.00 25.00 7.67 9.997 bits 
TABLE 14.—(Continued) 
Crest ELEVATIONS 
(Untrorm Spacine, Soura to NortTsH) 
Mebeid 
ae South Center line North 
(1) (9) (10) (11) (12) (13) (14) (15) 
are: 9.998 9.998 9.998 9.998 9.998 9.999 10.000 
6.004 10.001 10.000 9.999 10.001 9.999 10.002 10.009 
9.990 10.001 9.999 10.000 9.999 9.999 
14.985 9.998 10.001 10.001 10.001 9.998 


with the point gage readings. The agreement between point gages and 
water-level recorders was ordinarily better than 0.005 ft. However, the 
water-level recorder readings were used mainly to determine average heads 
when erratic or long-period fluctuations of the water surface occurred. 
Discharge measurements were made— 
For a discharge (in cu ft 


With a: per sec) between: 
ein. water Dieters; Gebde rn S20 Nr 0.007 and 0.06 
Venturi meter in a 1.5-in. line............ 0.06 and 0.17 ; 
Venturi meter in a 4-in. line.............. 0.06 and 0.57 . 
Venturi meter in an 8-in. line............. 0.57 and 3.5 


8-{t rectangular. weir. 0.3. 2a. Sie 0.43 and 35 


—the combined capacity of the available pumps. Water passing through the 
1.5-in. venturi meter also passed through the 4-in. venturi meter; all water 
passed over the 8-ft weir. When possible, rates of flow were frequently 
measured with two measuring devices. All measuring devices were calibrated 
in place several times, the water meter and venturi meters being accurate to 
+ 1% and the weir to + 1.5%. : 

Tests on Parshall Flumes.—Two full-scale models of the 6-ft Parshall - 
flume were tested; 97 tests were made on the first model and 38 tests at low 


- 
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heads on the second model. The capacity of the laboratory pumps would not 
permit testing the full-scale structure at its maximum design head, and half- 
scale models were tested principally to obtain the upper end of the rating 
curve. The full-scale tests were made to define the rating curve for the lower 
heads where viscous and surface tension forces have the greatest influence. 
The number of tests run on the half-scale model of the 6-ft Parshall flume was 

255. The number of tests made on all three models of the 6-ft Parshall flume 
was 440. A total of 131 tests was made on a 1:3 scale model of a 10-ft 
flume, and 127 tests on a 1:5 model of a 15-ft flume. Mr. Parshall has 
reported in the Bibliography (72)(73) the number of free-flow tests, for these 
flume sizes, as 35, 19, and 4, respectively. 

Parshall Flume Rating Curves.—The results of the tests by both Mr. 
Parshall and the writer are presented in Fig. 78. Data points for many tests 
on the 6-ft Parshall flume were omitted for the sake of clarity, as noted in 

Fig. 78(a). 

The Parshall flume curves drawn in Fig. 78 and based on the model experi- 

ments have the equations: 


For the 6-ft Parshall flume, 


Oe CAO 2) 2 etal siete nee a) 
for the 10-ft Parshall flume, 

Ce AO. OFT ay tee SA ea ahr ee (29b) 
and, for the 15-ft Parshall flume, 

OED DGB GE Bye Preg, bee Rowe inien ieee nett! (29c) 


in, which Q is the discharge in cu ft per sec and H, is the free-flow head measured 
in the stilling well in feet. These equations represent the experimental data, 
with few exceptions, to within + 1% above heads of 0.05 ft. Corresponding 
equations developed by Mr. Parshall from his tests are, respectively: 


OPE Ula)! Ae oh eee (30a) 
| APEC SEL EWAN rel waa AM MET nar De ko (300) 
= OST RL HD ae eat ee (30) 


The curves represented by these equations are also shown in Fig. 78. 
The agreement between the model tests made by the writer and the data 
obtained by Mr. Parshall is presented in Table 15. The agreement of Mr. 
Parshall’s data with his equations developed therefrom also is presented for 
of comparison. 
Be several Pe etitig speculations can be made in regard to the data presented 
in Table 15. In regard to the observed discharges, Mr. Parshall states that 
current meters were used for the 10-ft and 15-ft flumes and standard 10-ft or 
-15-ft rectangular weirs for the 6-ft flume. Mr. Parshall also tates, co that 
“The probable error of individual current-meter measurements is from 
2 to 3 percent.” It is probable that no greater accuracy can be expected 
from standard weirs that have not been calibrated. Errors, probably system- 
atic, of this magnitude therefore must be expected in the equations presented 
by Mr. Parshall. On the other hand, discharge measurements by the writer 
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TABLE 15.—ComMPpaRISON OF OBSERVED PARSHALL FLUME DISCHARGES 
Dee ee 


PARSHALL’s PusiisHED Data Writerr’s TESTs 
Heads . Discharge (Cu Ft 
Ratio 4 
iB gig) Deviation pe Deviation 
Ha He HA (%) (cu ft per sec) (%) 
(ft) (ft) (%) Observed | Computed 


(a) 6-Fr Fuume, Ortarnat Tzsts, 1923 


1.550 0.757 0.489 49.29 48.28 —2.1 49.08 —0.4 
1.812 1.090 0.601 62.54 61.94 —1.0 62.83 0.5 
1,458 0.640 0.439 44.59 43.80 —1.8 44.59 0.0 
1.368 0.518 0.379 40.46 39.57 —2.2 40.33 —0.3 
1.260 0.379 0.301 35.33 34.70 —1.8 35.42 +0.3 
1.139 0.208 0.183 30.14 29.54 —2.0 30.21 +0.2 
1.005 0.019 0.019 24.68 24,19 —2.0 24.80 +0.5 
0.892 —0,134 20.24 20.00 —1.2 20.54 +1.5 
0.737 —0.332 14.83 14.75 —0.5 15.20 +2.5 
0.570 —0.501 9.79 9.79 0.0 10.14 +3.6 
0.465 —0.013 7.03 7.08 +0.7 7.36 +4.7 
0.382 —0.035 5.12 5.17 +1.0 5.40 +5.5 
2.158 1.476 0.684 80.81 81.85 +1.3 82.73 +2.4 
2.017 1,321 0.655 73,31 73.49 +0.2 74.37 +1.4 
1,844 1.105 0.599 63.70 63.68 —0.3 64.58 +1.4 
1.660 0.858 0.517 54.76 53.86 —1.6 54.71 —0.1 
1.498 0.685 0.457 46.64 45.72 —2.0 46.52 —0.3 
1.090 0.121 0.111 28.10 27.53 —2.0 28.18 +0.3 
1.678 0.870 0.518 55.15 54.80 —0.6 55.65 +0.9 
1.511 0.663 0.438 45.55 46.36 +1.8 47.16 +3.5 
(6) 6-Fr Fitumr, Cueck Tssts, 1926 ; 
0.326 4.04 4,02 —0.5 4.21 +4.2 
0.628 11,45 11.43 —0.2 11.83 +3.3 
0.742 14.88 14.91 +0.2 15.38 +3.4 
0.755 14.83 15.33 +3.4 15.79 +6.5 
0.756 15.48 15.36 —0.8 15.84 +2.3 
0.899 20.33 20.25 —0.4 20.80 42.3 
1,023 25.11 24.89 —0.9 25.50 +1.6 
1.151 30.34 30.04 —1.0 30.71 +1.2 
2.239 85.29 86.81 +1.8 87.58 +2.7 
2.142 79.92 80.87 +1.2 81.80 +2.4 
2.114 77.36 79.21 +2.4 80.12 +3.6 
1.975 70.66 71.07 +0.6 71.98 +1.9 
1.792 60.72 60.85 +0.2 61.75 +1.7 
1.570 50.39 49,28 —2.2 50.08 —0.6 
1.375 40.63 39.89 —1.8 40.64 0.0 
(c) 10-Fr Fiumse In Fort Bent Canau 
0.78 27.1 26.5 —2.3 27.6 1.8 
0.79 27.8 27.0 —3.0 28.1 3 
0.79 27.7 27.0 —2.6 28.1 +1.4 
0.83 29.6 29.2 —1.4 30.4 +2.7 
0.83 28.7 29.2 1.7 30.4 +5.9 
0.82 28.7 28. 0.0 29.8 +3.8 


Sse SS See ES ee SS ee Is i eee ae eb 
(d) 10-Fr Fuume® ry Las Animas ConsouipaTep CANAL 


1.15 49.5 49.3 —0.4 51.1 

171 96.1 92.9 a3 96.0 as 
1199 120.4 118.4 Sy 122.2 +1.5 
1116 50.2 49.9 —0.6 51.8 43/2 
0.48 13.0 12.2 —6.6 12.7 —2'3 
0.51 14.3 13.4 —6.7 14.0 —2.1 
0.43 10.5 10.2 —2.9 10.7 +1.9 
2:05 127.6 124.2 —2°7 28.0 +0.3 
1.18 51.4 51.3 ~0.2 53.2 43.5 
1:22 54.2 54.1 —0.2 56.1 43.5 
1.09 42:9 45.3 +5.3 46.9 49.3 
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TABLE 15.—(Continued) 


PaRsHALL’s PupnisHep DaTa WritEr’s Trsts 
Heads Ratio Dissbarre o Ft 
Be per Sec Dae Discharge + oye 
ao Deweee computed Deviation 
Ha Hp (%) \ og (cu ft per sec) o) 
(ft) (ft) e Observed | Computed 


(e) 10-Fr Fiuume In Pine River Canau 


92.4 


0.78 wae | ari 25.8 


(f) 15-Fr Fuume in Lamar Canau 


1.25 83.0 82.6 —0.5 87.7 5.7 
1.50 | | | 111.8 110.6 -1.1 1722 one 
(g) 15-Fr Fuume 1n Rocky Forp HieHurne CANAL 
0.85 sities Cvagate 45.5 44.6 —2.0 47.5 +4.4 
1.39 0.26 19.0 » 100.8 97.9 —3.0 103.8 +3.0 


were made by means of devices calibrated by weight measurement of the 
discharge and are accurate to within + 1.5%. It appears, therefore, that the 
average differences between Mr. Parshall’s data and the equations developed 
by the writer are not greater than reasonably can be expected. 

The test data obtained by the writer are plotted in Fig. 78. The excellent 
agreement between the plotted data and the equations determined therefrom 
is readily apparent, even at prototype heads as low as 0.05 ft for the 6-ft 
flume (half-scale model head = 0.025 ft) and 0.06 ft for the 10-ft and 15-ft 
flumes (10-ft flume, third-scale model head = 0.02 ft; 15-ft flume, fifth-scale 
model head = 0.012 ft). 

Data for both full-scale and half-scale models of the 6-ft flume are presented 
in Fig. 78(a). It will be noted that both full-scale and half-scale model data 
plot on a single curve even at prototype heads as low as 0.013 ft, although the 
scatter is high at the lower heads. The agreement between full-model and 
half-model tests and the equation of the average curve, with few exceptions, 
is better than + 1% for heads greater than 0.05 ft. 

It is interesting to speculate on the comparison of the writer's model tests, 
made in a laboratory, where carefully calibrated measuring devices were 
available, with Mr. Parshall’s tests, which were made in the field with less 
accurate measuring devices. It seems reasonable to assume that in this 
instance the model tests, made in the laboratory where a high degree of precision 
is obtainable, give better results than prototype field tests made under condi- 
tions permitting less precision in the measurements. This same thought has 
been stated by Messrs. Warnock and Dewey in this Symposium (see heading, 
“Factors Making Comparisons Difficult’). 

Mr. Parshall mentions (72a) a depression in the water surface over the 
stilling-well entrance for the 6-ft flume, caused by water flowing past the 
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contractions at the upstream end of the converging section, which he estimates 
to be 3 in. for discharges of 75 to 85 cu ft per sec. This phenomenon was 
observed for the half-scale model and, for a discharge of 139 cu ft per sec, 
caused a depression amounting to 2.5 in. in the prototype. However, the 
depression in the head observed in the stilling well was only 0.051 ft. 

Description of Columbus-Notch Models.—The shallow Columbus notches are 
used in the field for measuring discharges less than those that can be measured 
accurately by the Parshall flumes. A typical installation is shown in Fig. 77, 
this particular installation being the only one on which both full-scale and 
half-scale model tests were made. The notches were pre-cast and stored 
until needed in the model. After curing, the notches were polished with a 
carborundum brick. Wall and approach floor construction was similar to that 
for the flume. Reference is made to Fig. 77 for details of the installation. 

Tests on Columbus Notches—In all, 73 free-flow tests were made on the 
full-scale Columbus-notch model and 140 tests on the half-scale model. Be- 
cause of the sloping floor of the Parshall flume throat and the short distance 
between this throat and the Columbus notch, there were intense eddies which 
produced poor flow conditions approaching the notch. Thus, the heads 
fluctuated considerably in the stilling wells, making readings difficult. The 
piezometer for measuring the head on the notch is very close to the sloping 
floor of the Parshall flume throat and just around a bend in the side-wall. 
'The water at this piezometer is very turbulent and any: slight dissimilarity in 
the positions of the standing waves, whirls, or the hydraulic jump, between the 
full-scale and half-scale models would have a large effect on the measured 
head at the notch. 

Columbus-Notch Rating Curves—The data obtained on these two Columbus- 
notch models are presented in Fig. 78(d). It will be noted that the agreement 
between the two models is excellent up to a head of about 0.3 ft, but that 
beyond that point, the agreement is poor. Although it is not possible to 
explain all of the differences fully and with certainty, data were obtained that 
provide a plausible explanation for some of them. : 

Observations made at Waco on the prototype structure indicate that the 
pool upstream from the notch washed out (that is, the flow between the notch 
and the flume throat changed from streaming to shooting) at a head of 0.45 ft 
on the rising stage and filled in again at the same head on the falling stage. 
The pool washed out in the full-scale model at a head of 0.48 ft, which is in | 
reasonable agreement with the value observed in the field. In the half-scale 
model the corresponding prototype head is 0.34 ft. The following explanation 
may have some bearing on the reason for this discrepancy: 

From a study of the water-level recorder charts, it is possible to determine 
’ that the discharge was increased from test to test for the full-scale model 
and decreased, with one exception, for the half-scale model. The fact that the 
flow was increased from test to test for the full-scale model and decreased for 
the half-scale model may explain why the two curves do not coincide. Addi- 
tional weight is given to this hypothesis because, for one run on the half-scale 
model, the flow was increasing until just before the readings were obtained. 
The datum point plotted from this single run (Q = 5.82 cu ft per sec) agrees 
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with the full-scale data, which also were made with the flow increasing from 
run to run. This single point is the only available evidence on which to base 
the conclusion that separate and distinct rating curves exist over part of the 
range for rising and falling stages. No other data are available either to 
substantiate or to refute this statement. 

Comparison of Submergence Curves for 6-Ft Parshall Flume Models.—Con- 
tinuous records of stage are made for both the Parshall flumes and the shallow 
Columbus notches in each of the field installations of this type. This leads to 
the suggestion that the stage records obtained for the Columbus notch be used to 
determine whether the flow through the Parshall flume is submerged, and, if so, 


the degree of submergence. This would eliminate the necessity of providing | 


a third recording gage at each installation to record Parshall’s submergence 
head Hg. Therefore, tests with high tailwater levels were made on each 
model tested. Since full-scale and half-scale models of the 6-ft flume were 
constructed and tested under submerged conditions, a comparison of the 
submergence curves is possible. The results of 30 full-scale and 78 half-scale 


model tests are presented in Fig. 79. Special attention is called to the method © 


of computing the percentage increase in head, which can result in increases in 
head greater than 100%. This method was used to simplify the computations 
for the submergence correction curves prepared for each installation tested. 


It will be noted that there is considerable scatter to the data, but that data 


obtained from either model can be used to define the curve shown. 

Discussion of Discharge Computations for Submerged Flow Conditions.—The 
method of computing the discharge for submerged flow presented by Mr. 
Soucek (see heading, ‘“‘Comparison of Model and Prototype’’) can be shortened 


considerably and all trial computations eliminated if his family of submergence | 


curves is replaced by an average submergence curve. The maximum indicated 


error in discharge as a result of this substitution is only + 3% up to a sub- - 
mergence of 85%. Above this submergence, the submergence curves are steep, — 
and small errors in determining the submergence result in large errors in the - 
submerged discharge correction. This makes the increase in accuracy as a 


result of rising multiple submergence curves rather fictitious, from a practical 


standpoint at least. The resulting simplification in computing the discharge — / 


is considerable, since trial computations are unnecessary and it is unnecessary 
to estimate the discharge before beginning the computations. This method 
was used by the writer in computing submergence correction curves for the 
Parshall flumes discussed herein. 


A. R. THomas,*° Esq.**—This subject has received considerable attention 


; 


in India from the Central Board of Irrigation and its Research Committee. 
There is general agreement on the great value of model experiments, but it is — 


recognized that, from the aspect of accuracy of reproduction of prototype con- 
ditions, models are of different types. 


Models of rigid structures, without erodible boundaries and in the absence — 


of sediment transportation, can give highly accurate results although there are 
cases in which allowance is required for scale effect. For example, experiments 


% Secy., Central Board of Irrigation, Simla, India. 
%a Received by the Secretary April 5, 1943. 
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_ with models of high-coefficient spillways (74)*° showed considerable scale effect 
despite moderately high Reynolds numbers, presumably because of the influence 
of viscous shear in the sharply curved non-turbulent stream. Expanding flow 
is another example of the fact that expansion which is satisfactory in a model is 
not necessarily so in the prototype. 
In cases of scour due to flow patterned mainly on the shape of rigid strue- 
tures (for example, scour downstream of weirs), the results obtained have been 
sufficiently accurate to have comparative and quantitative value. 
River models are in another category, however, for two reasons: (1) General 
quantitative accuracy is unattainable with present technique, and (2) because of 
the complexity of conditions (for example, the variation of quantity of trans- 
ported material with discharge and time), the accuracy of results obtained 
depends largely on the design of the model and the way in which the experiments 
are conducted. C.C. Inglis, M. Am. Soc. C. E., has referred to mobile models 
(75) as “‘a valuable aid to engineering skill, which however they can never re- 
place.” The value of such models has been proved by the number of successful 
investigations in which river models played a major part. 
It is not possible to give details of results obtained, but papers and dis- 
cussions on the subject have been published in the Central Board of Irrigation 
Annual Reports for the years 1939-1940, 1941, and 1942 (74). 
Bibliography. — 
(65) ‘“Hydraulic-Fill Dams,’’ by Allen Hazen, Transactions, Am. Soc. C. E., 
Vol. LX XXIII (1919-1920), p. 1713. 

(66) ‘‘Reconstructing a Spillway,’? by R. C. Kennedy, Western Construction 
News, April, 1942, p. 158. 

(67) “Side Channel Spillways: Hydraulic Theory, Economic Factors, and 
Experimental Determination of Losses,” by Julian Hinds, Transactions, 
Am. Soe. C. E., Vol. 89 (1926), p. 881. 

(68) “The Control of Water,’’ by Phillip 4 Morley Parker, George Routledge 
é & Sons, Ltd., London, 1913, p. 839. 
(69) “Hydraulic Jump in Enclosed Conduits,” by E. W. Lane and C. E. 

Kindsvater, Engineering News-Record, December 29, 1938, p. 815. 

(70) “Entrainment of Air in Flowing Water: Closed Conduit Flow,” by A. A. 
Kalinske and James M. Robertson, Proceedings, Am. Soc. C. E., 

September, 1942, p. 1141. 

(71) “Report on Tests of Models of Rate Measuring Installations,’’ by Fred 
W. Blaisdell, 1940 (unpublished). 

(72) “The Parshall Measuring Flume,’’ by Ralph L. Parshall, Bulletin No. 
428, Colorado Experiment Station, Fort Collins, Colo., March, 1936. 
a) p. 54. 

(73) ean Flumes of Large Size,’’ by Ralph L. Parshall, Bulletin No. 386, 


lorado Experiment Station, Fort Collins, Colo., May, 1932, (a) p. 48. 
(74) Raat Bonoris,” Central Irrigation and Hydrodynamic Research Sta- 


tion, Poona, India, 1937-1938, 1939-1940, 1940-1941, and 1942. 
(75) ‘Hydrodynamic Models as an Aid to Engineering Skill,”’ by C. C. Inglis, 
Presidential Address, Section of Eng., Indian Science Cong., 1941. 
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ORGANIZING AND FINANCING SEWAGE 
TREATMENT PROJECTS 


Discussion 


By FRANCIS H. KincsBury, M. AM. Soc. C. E. 


Francis H. Kinassury,® M. Am. Soc. C. E.6—An analysis of the various _ 
methods by which sewage treatment projects have been established, with par- 
ticular reference to the organization and financing, is presented in this paper. 
Although three general types of organization are noted and consideration is 
given to various methods of financing, including reference to the trend toward 
service charges and revenue bonds, the writer believes that discussion of the 
various factors that can influence the selection of the type of borrowing may be 
appropriate. 

The history of finance of the large investments for the Boston metropolitan 
sewerage districts and the change in the methods of public financing in Massa- 
chusetts since 1889 may be of interest. Until 1913 the general method of 
bonding in Massachusetts was that known as the “Sinking Fund Method” 
whereby the annual payments into a sinking fund plus the interest on the total 
bond issue remained at a constant total figure throughout the life of the bonds. | 
A modification of this method of financing in the case of the North Metropoli- 
tan Sewerage District and the South Metropolitan Sewerage District, noted 
in Table 1, was adopted for the purpose of permitting a series of increasing 
annual payments for financing to parallel, as nearly as might be the estimated, 
future increases in population. 

Chapter 439 of the Acts of 1889 and Chapter 424 of the Acts of 1899 of the 
Massachusetts General Court provide that: a 


‘ce * * The treasurer or receiver shall, on issuing any of said scrip or 
certificates of debt, apportion thereto from year to year an amount suffi- 
cient with its accumulations to extinguish the debt at maturity; but any 
such apportionment or assessment shall be at the rate of one eightieth 
part of the whole amount in each of the first ten years, one sixtieth part 


a ee ee ee eee 


Nory.—This paper by Samuel A. Greeley, M. Am. Soc. C. E., was published in December, 1942, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: December, 1942, by Messrs. 
Milton P, Adams, and Hal F. Smith.; and April, 1943, by Herbert Moore, Assoc. M. Am. Soe. C. E ’ 
6 Associate San. Engr., State Dept. of Public Health, Boston, Mass. 
6@ Received by the Secretary March 30, 1943. 
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in each of the second ten years, one thirtieth part in each of the third ten 
years, and the remainder equally divided in the next ten years * * *.” 


Since the population more than doubled during the life of the bonds, this 
method of financing was fortunate because it maintained a reasonably uniform 
per capita assessment. 

Beginning in 1913 the Commonwealth adopted the serial bond method 
whereby bonds are issued for different periods of time to provide for payments 
on the principal each year in amounts as nearly equal as possible, with the 
further provision that no annual payment on the principal shall be less than 
any subsequent payment. The effect of this method of finance is to make the 
total requirements for interest and principal the greatest in the beginning, 
gradually decreasing to the last payment which includes its portion of principal 
and a relatively small charge for interest. Difficulties were experienced in 
meeting the first annual payments on new projects before revenue began to 
come in, and, in certain instances, special legislation permitted deferment of 
the annual payments on account of principal for a period of three to five years 
to delay the peak assessments. 

The change from the sinking fund to the serial bond method was brought 
about by two general considerations: 


1. The unfavorable experience with municipal sinking funds sometimes in- 
vested by financially inexperienced municipal officials; ; 
2. The trend from private to public enterprise in many services which was 
having a tendency to pyramid annual expenses of municipal governments; and 
the desire to accomplish the payment of a considerable portion of the principal 
_of any borrowing before some new enterprise might be voted. 


2am can 
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Annual Payment, as Percentage of Bond Issue 


0 4 8 12 16 20 24 28 36 40 44 
Years After Bond Issue 


Fic. 2.—Comparison oF Dest Sprvice FoR FINANCING By VARIOUS Meruops oF Bonp RETIREMENT 
(Interest Assumed at 3% Per Annum) 


Fig. 2 shows a comparison of the annual payments for principal and in- 
terest by the sinking fund, modified sinking fund, and the serial bond methods 


_ of borrowing. 
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In financing a new project for sewage collection or sewage treatment, a 
careful analysis should be made of the probable future charges and their rela- 
tion to probable population changes and to probable needs, not only for the 
project under consideration but for other municipal improvements. It might 
happen that a large initial assessment could defeat a project if it were financed 
by serial bonds requiring the largest payments in the beginning and that selec- 
tion of the sinking fund method or a modification of the sinking fund method 
would be more appropriate. On the other hand, there are many projects for 
which the population is likely to be more or less stabilized, in which case the 
ordinary sinking fund or the serial bond method might be more appropriate. 
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ENTRAINMENT OF AIR IN FLOWING WATER 
A SYMPOSIUM 


Discussion 


By J. C. STEVENS, M. Am. Soc. C. E. 


J. C. Stevens,*® M. Am. Soc. C. E.8*—In his part of the Symposium, 
Mr. Hall has presented a collection of valuable data on air entrainment at high 
velocities, concerning which there is scanty information available. 

The writer is interested in devising means of applying the data presented in 
this paper to the design of chutes, and particularly to the design of stilling 
basins at the foot of high overflow dams. To design such a basin properly, one 
should know the velocity, depth, and insufflation characteristics with which 
the water reaches the basin. To do this, the degree of insufflation must be 


found in terms of some easily ascertainable quantity. Mr. Hall used ae and 


the ratio of air to water volumes as an index of insufflation. A somewhat 
better relationship results from expressing the degree of insufflation in terms 
of the ratio of the kinetic to the potential energy, for brevity termed the 
“kineticity’ of flow. There appears to be no special advantage in using 
(1 — p) p rather than p alone to express the degree of insufflation—the straight 
lines of Fig. 10 are not very convincing. 

The observed velocities were ‘‘smoothed” through the velocity heads in the 
energy line. Why not smooth the observed depths also? In the field the only 
quantities that admit of measurement are the discharge (which can be measured 
with reasonable accuracy), the depths, and velocities of the water-air mixture 
for which the observational errors involved are great; hence proper smoothing 


| of both quantities is justified fully. 


Alternative Analysis——An analysis of the observed data that appears to 
give more effective results is presented herewith. With insufflated flow two 
conditions are involved: (1) A flow of liquid water measured at the head, a part 


Norz.—This Symposium was published in September, 1942, Proceedings. Discussion on this Sym- 


i i dings, as follows: January, 1943, by Warren DeLapp, Jun. Am. Soc. C. E.; 
Pe eee er Karl 5 hie ote sa M. Am. Soc. C. E.; March, 1948, by Messrs. Robert T. Knapp, and 
Carl E. Kindsvater; and April, 1943, by Messrs. J. H. Douma, and Joe W. Johnson. 


38 Cons. Hydr. Engr. (Stevens & Koon), Portland, Ore. 
38a Received by the Secretary March 29, 1943. 


761 


762 STEVENS ON AIR ENTRAINMENT Discussions 


of which remains liquid but unmeasurable in the field, in the bottom of the _ 
channel; and (2) a mixture of air and water riding on top of the liquid water 
for which depths and velocities may be observed. All other characteristics of 
this type of flow must be derived from the aforementioned three measured 
quantities. 

A slight departure from the notation of the paper, with some additions, will 
be made as follows: Let w = a subscript denoting the water (without air); m =a 
subscript denoting the insufflated mixture; k = kineticity = V* (2g y cos 4); 
¢@ = angle the friction slope at any cross section makes with the horizontal; 
S = sine of the friction-slope angle; S, = sine of the bed-slope angle; e = specific 
energy head referred to the bed of the channel; and z = elevation above any 
datum. 

There is no question in the writer’s mind but that the water in the bottom 
of the channel is flowing faster than the mixture, but this difference does not 
admit of observation except in the laboratory. The effect of insufflation is to 
retard velocities, and the simplest and most direct method of taking account 
of this retardation is to increase the value of n for the mixture over that for 
the water alone. 

None of the flow formulas in existence are designed to meet the flow con- 
ditions under discussion. Since neither the Kutter formula nor the Manning 
formula is dimensionally correct, it is risky to apply either so far outside of the 
range of observations on which it is based. However, there is no alternative, 
and, if the experimental data on chutes are used to determine the factors in these 
formulas, the same range of factors will render these formulas suitable for 


TABLE 15.—FLow CHARACTERISTICS ¢ 


Explanation: Col. 2, “‘smoothed’’ values from Table 3(d), Col. 1; Col. 4, a Table 3(d), Col. 10; Col 
X Col. 10; Col. 15, k = Col. 14 + Col. 13; and Col. 19, mm = Col. oo om Table 3(d), Co Col) 


: : Percentage Hydraulic 
Station Pee th ae aeeey of water eit perm radius Z (nw Vm)? | slo 
p i 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 


1.14 0.380 0.166 
1.02 0.441 0.231 
0.94 f 
0.88 

0.84 0 
0.81 

0.79 

0.77 

0.76 

0.75 


design. In this study the Manning formula is used. If strictly applicable, a 
uniform value of n should be obtained for a given channel unless the rugosity © 
changes throughout its length. However, neither the Manning nor the Kutter _ 
formula will produce a constant value aM) mn; hence in design the investigator 


must adopt a single average value for the water flow and a variable and in- 
creasing value for the mixture. 
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The friction slope of the water undoubtedly differs from that of the mixture 
but this difference is indeterminate, and one must assume that the same friction 
slope applies to both in the data presented by Mr. Hall. 

Two important factors are sought in this analysis: (1) A relation between 
kineticity of flow and degree of insufflation, and (2) the increment in the 
roughness factor due to insufflation. 

Hat Creek Chute—The depths for Hat Creek chute were plotted for each 
flow and a smooth curve drawn among the points. Only the part of the flume 
between Stations 0+50 and 2+75 was used. The entrance condition induced 
insufflation, and some time passed before the normal balance was restored. 
At the sharp convex vertical curve from Stations 2+75 to 3+00, where the 
water tends to leave the channel bed, a great slug of air was added to the 
mixture from which it never recovered. Since the aim was to isolate normal 
insufflation due to channel roughness and kineticity of flow from other in- 
fluences, it was necessary to eliminate such extraneous disturbances. 

Table 15 gives a sample of the calculations made for this channel for a flow 
of 395 cu ft per sec. By correspondence, it was learned that there are 8-in. 
fillets in the corners of this flume which account for observed areas not equaling 
“width times depth” in Table 3. The formulas for areas (Col. 3) therefore are, 
for depths greater than 0.67 ft— 


Ae OM Bit i OED cc a ails becca eevee Meee (65a) 


for depths less than 0.67 ft— 
Ay ee 4:42 apidle® ® sali he ls ee (65b) 


Har CREEK CHUTE FOR 395 Cu Fr PER SEC 


‘see Eq. 66); Col. 6 (see Eq. 67); Col. 9 (see Eq. 68); Col. 10, average value of mw = 0.010; Col. 11, S = Col. 9 


: Kinetic , : Ratio 
i Potential x otit4,, | Hydraulic | 1,496 : i ing : 
Cos 6 energy a aa Eidericity radius el (Rm)2/3 S1/2 fonning nm Station 
Yw COs O oir m Nw 
~ (12) (13) (14) (15) (16) (17) (18) (19) (20) f (1) 
. ' 16.4 1.35 0.0365 | 0.324 0.0118 1.18 0+50 
*O.806 138 36.0 27.1 1.23 0.0310 | 0.381 0.0118 1.18 0+75 
0.896 1.20 46.6 38.8 1.18 0.0272 | 0.451 0.0123 1.23 1+00 
0.896 1.09 57.0 52.3 hale 0.0246 | 0.521 0.0127 1.27 1-425 
0.886 | > 1.00 65.8 68.5 1.17 0.0229 | 0.578 0.0132 1.32 1450 
0.886 0.96 73.5 76.6 athy¢ 0.0217 | 0.623 0.0135 1.35 1475 
0.886 0.91 80.0 87.9 1.17 0.0208 | 0.674 0.0140 1.40 2 +00 
0.917 |° 0.93 85.0 91.4 1.17 0.0202 | 0.700 0.0141 1.41 2425 
0.917 0.91 88.2 97.0 1.18 0.0198 | 0.725 0.0144 1.44 2450 
0.917 0.90 89.6 99.6 1.19 0.0196 | 0.740 0.0148 1.48 2475 
In Col. 5 the percentage of water p is computed by 
= hela i Sethe: Heng . (66) 
Sl aA Von 
Values in the next column (Col. 6, Table 15) are found from 
yon heer ee ee CLIT (67) 


Perera 
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and, in Col. 9,°° ; 


4 = 55082 (Ruy Sele op lw le) ce 'e, bheltayiet a: bisliae wiles 


Graphs of areas versus depths and of wetted perimeters versus depths were 
made to facilitate computations. 

The average value of n» = 0.010 was obtained by trial. The average 

value of sin 6 for the reach is 0.445. A roughness value had to be selected such 

that the friction slope for the higher 

TABLE 16.—Stnz or Friction Store flows would not exceed that value 


ANGLES FoR Hat CREEK CHUTE materially, because, if the friction 

slope tends to exceed the bed slope, 

Disceanes an Cu Fr Pre Smo: the flow will occur in pulsations or 

Station (2050) oe oe waves) © This» may ‘betexpectedaan 

395 368 163 115 the lesser flows, but there is no evi- 

0+50 | 0.070 | 0.073 | 0.104 | 0.121 dence that the flow was pulsating 

O+73 | 0110 | B18 | Ove | Sass for the two higher flows. With the 

1728 | 0377 | O366 | ooo | o4s0 Observed velocities and an average 

1478 | Oa | Os | bas | Ose Value of m, = 0.010 the friction 

2+25 | 0.398 | 0.394 | 0.493 | 0.580 slopes obtained were as given in 
2+50 | 0.421 | 0.450 | 0.543 | 0.619 


2475 0.436 | 0.456 | 0.580 | 0.620 Table 16. 
SS In Table 12 Mr. Hall gives values 
of n but the slope or slopes on which 
they were computed is not indicated. Since the flow is nonuniform in all cases, 
the n-value should of course be based on friction slope. The values for Hat 
Creek chute given in Table 12 and the average value used herein are consider- 
ably less than would be expected of a roughened concrete flume with projecting 
form wires. Nevertheless, the value seems to be correct for the Manning 
formula, which indicates how cautious one must be in selecting such values for 
design purposes outside the proved range of this formula. 

The values in Cols. 5, 15, and 20 of Table 15 are shown in Fig. 28 by the 
open circles. From this, there appears to be a fairly definite relation between 
kineticity and the degree of insufflation if no foreign influences are present. 
The curve must turn sharply at its lower end and intersect the 100% line at 
some initial value of the kineticity at which appreciable insufflation begins. 


The two lower points indicated that air was added at the inlet and was ignored 
in drawing the curve. 


The conformity of the curve of roughness ratios to the percentage of water. 


in the mixture is quite gratifying and indicates that the effect of insufflation 
may be accounted for in this manner. 

Rapid Flume.—The same method of analyzing the observed data was 
followed for the Rapid Flume. There were no sharp convex vertical curves to 
add air, but there was a horizontal curve at Station 2+00 which produced a 


wave pattern making it difficult to observe depths with any degree of accuracy. — 


On account of air entrained at the inlet, flow in the first 100 ft of flume was 
not used. 


Oo e—oo§  — ——SSSSSS 
39 “Handbook of Hydraulics,” by Horace W. Ki = 
3d Ed., p 309. Table ton vy ace ng, McGraw-Hill Book Co., Inc., New York, N. Y., 


al 
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The analysis shows kineticity and insufflation increasing to a maximum as 
the flow proceeded downstream, followed by reductions as the slope flattened. 
Fig. 29 shows the insufflated flow characteristics for the flume with a discharge 


(b) PERCENTAGE OF WATER 
VS 16 
ROUGHNESS RATIOS 
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Fie. 28.—FLow CHARACTERISTICS (Q = 395 Cu Fr Pzr S&c) 


The depths of mixture are smoothed values from Table 4(6), 
Col. 17, except that at Station 1+50 a 
The widths, which 
by the depths 


of 88 cu ft per sec. 
Col. 8; velocities are from Table 4(d), 
velocity of 41.0 was used instead of the 43.5 in the table. 


varied slightly, were obtained by dividing the areas in Col. 12 


wus 
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of Col. 8. These widths then were applied to the smoothed observed depths 
to obtain the areas of the mixture. The percentage of water then was derived 
from Eq. 66. This percentage, applied to areas of the mixture A, gave the 
water areas A, which, divided by widths, gave water depths y». From these 
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Fig. 29.—INsUFFLATED FLow CHARACTERISTICS FOR RAPID FLUME WITH A 
DiscHarGE or 88 Cu Fr Pur Szc ° 


depths and the bed slopes and observed velocities, the kineticity at each cross 
section was computed. 
An average value of n = 0.008, which is also the lowest value given in — 
Table 12, was used in computing the friction slopes. The plot of the friction 
and bed slopes shows that beyond Station 3+00 the computed frictiorf slope | 
was greater than the bed slope. Therefore there probably was pulsating flow — 
throughout the lower half of this flume for a flow of 88 cu ft per sec. 
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Fig. 28(a) shows the relation between kineticity and percentage of water. 
This graph forms a loop analogous to the kineticity curve of Fig. 29. The 
reason is obvious. There is a lag both in entraining air as kineticity increases 
and in releasing it as kineticity diminishes. This fact and the probability of 
pulsating flow account for the lack of conformity between the insufflated flow 
characteristics of Hat Creek chute and Rapid Flume. 

This nonconformity, however, disappears in the relation between per- 
centage of water and roughness ratios as shown in Fig. 28(b), the points falling 
very close to those at Hat Creek chute. 

Kittitas Chute——Apparently no smoothing of observed depths of mixture and 
of observed velocities was attempted, for an examination of Table 9 shows 
many inconsistencies. It will be noted, however, that observed depths and 
velocities varied but slightly on each slope for each flow. Therefore, these 
values were averaged for each flow on each slope, and then average values were 
plotted against discharge. New values of depths and velocities then were 
read from the depth-flow curves and the flow-velocity curves to obtain smoothed 
values, thus eliminating some of the accidental errors. 

The writer visited the Kittitas chute on May 1, 1938, while the observations 
for the discharge of 922 cu ft per sec were under way by engineers of the Bureau 
of Reclamation. He appreciates fully the many difficulties of getting refined 
and consistent results and believes the smoothing process he has adopted 
herein to be justified fully. 

The values obtained gave ten points on the 10° 12’ slope, nine points on the 
33° 10’ slope, and eight points on the practically horizontal extremity of the 


flume. These points are shown by solid circles in Fig. 28. In computing 


the friction slopes an average value of n = 0.014 was used for Manning’s 
coefficient. The superabundance of air in the mixture for the 33° 10’ slope 


Fie. 30.—AssuMED FinrRANCE CONDITIONS 


(resulting from the sharp convex upward vertical curve just above this slope 


where the water jetted virtually free from the bed) is plainly evident. Fig. 


it oheaeael 


28(a) indicates that this curve in the flume increased the volume of air in the 
mixture by about 10% over the probable volume had the insufflation been the 
sole result of its kineticity and channel roughness. 
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The eA city, of flow on the mild 10° 12’ slope at the head of the flume was 
not enough to cause any great amount of insufflation as the water percentage 
varied from 84% to 93% for all flows with a fairly constant value of kineticity 
of about 24. The points for the end reach all are bunched with about 8% 
more air than would be indexed by its average kineticity of 25. This is surplus 
air taken in on the vertical curve and not yet released. Also, the points for 
the head and the end of the chute conform to the ends of the loop for Rapid 
Flume. The writer can visualize all of the Rapid Flume behavior, but he 
views the flow of the Kittitas chute “through a glass darkly.” 

The anomalies of the Kittitas chute in the kineticity-water percentage 
relation largely disappear in the relationships of Fig. 28(6) as they did in the 


TABLE 17.—Ca.cuLaTION OF WATER 


Explanation: Col. 7 = Col. 2 + Col. 6; Col. 8 (see Eq. 68); Col. 11, S = average of the sines of the friction 
Aew = change in energy head, that is, differences of quantities in Col. 7; Col. 16 = Col. 15 + Col. 14; Col. 1) 
Col. 19; Col. 21 = 0.012 X Col. 20; Col. 22 = Col. 3 + Col. 19; and Col. 27 = Col. 25 X Col. 26, 


Hy- Ve- Veloc- o 
Water Water| graulic $ ity | Energy in Wao lisices s 


depth|yw cos @ a3 ete ie head, head | Zw 


Ay © Ro | Vw |1.055—| 
29 


Cos mej 
n=0.012| 8’ | (sin ) |©° */Gos @ S| Guus 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) | 2) | (3) (14) ) 
7.87 | 6.60 | 63.0 2.69 |15.87| 4.12} 10.72 | 0.121] 0.0363 |0.00440 Be gy 
6.00 | 5.03 | 48.0 2.40 | 20.83} 7.09 | 12.12 | 0.141] 0.0625 |0.00882 
5.00 | 4.18 | 40.0 2.22 |25.0 | 10.25] 14.43 | 0.156} 0.0901 {0.0140 
4.00 | 3.35 | 32.0 2.00 {31.2 | 15.95] 19.30 | 0.180) 0.140 0.0252 
3.00 | 2.51 | 24.0 1.72 | 41.6 | 28.35] 30.86 | 0.220) 0.249 0.0549 
2.5 ~| 2.09 | 20.0 1.54 | 50.0 | 41.0 43.09 | 0.255) 0.360 {0.0919 
2.0 1.67 | 16.0 1.33 |62.5 | 63.9 65.57 | 0.310} 0.545 |0.169 
1.8 1.50 | 14.4 1.24 | 69.5 | 79:0 80.50 | 0.340] 0.694 |0.236 
5 Arg 1.42 | 13.6 1.19 | 73.6 | 88.4 89.82 0.359 0.778  |0.279 
1.6 °| 1.34 | 12.8 1.14 | 78.2 | 100.0 | 101.34 0.380 0.880 {0.334 
1.55 | 1.30 | 12.4 1.12 | 80.6 | 106.0 | 107.30 | 0.389] 0.935 0.363 
1.50 | 1.26 | 12.0 1.09 | 83.4 | 113.6 | 114.86 | 0.404! 1.00 0.404 
145 | 1.21 | 11.6 1.06 | 86.2 | 121.5 | 122.71 | 0.419] 1.07 0.449 
1.40 | 1.17 | 11.20) 1.04 | 89.3 | 130.4 | 131.57 | 0.430] 1.15 0.495 
1.39 | 1.17 | 11.12} 1.03 | 89.9 | 132.0 | 133.17 | 0.435] 1.165 |0.506 
1.38 1.16 | 11.04] 1.03 | 90.6 | 134.0 | 135.16 | 0.435) 1.183 |0.514 
1.37 | 1.15 |10.96} 1.02 | 91.4 | 136.5 | 137.87 | 0.441] 1.203 0.531 


0061 | 1.00 | 0.0073 | 0.540 
0.0114 | 1.00 | 0.0136 | 0.533 
0.0196 | 1.00 | 0.0234 | 0.524 
0.0400 | 0.999] 0.0478 | 0.499! 
0.0734 | 0.997] 0.0873 | 0.460: 
0.131 | 0.991] 0.154 | 0.393; 
0.202 | 0.979] 0.236 | 0.311 
0.258 | 0.966] 0.298. | 0.2491 
0.306 | 0.952| 0.348 | 0.199 
0.348 | 0.937] 0.389 | 0.1 
0.383 | 0.924] 0.422 | 0.125) 
0.426 | 0.905] 0.460 | 0.087! 
0.472 | 0.882] 0.498 | 0.049 
0.500 | 0.886] 0.518 | 0.0 
0.510 | 0.860] 0.524 | 0.022% 
0.522 | 0.853] 0.532 


case of Rapid Flume. In using the data of Fig. 28 for design, the Kittitas — 
results in Fig. 28(a) for the steep slope had better be ignored. For this reason 
the details of the computation are omitted. 

An Example of Design.—In order to apply the data in Fig. 28 a discharge 
of 1,000 cu ft per sec was assumed to flow down a chute having the same dimen- 
sions and slope as the middle part of the Kittitas chute. The chute is assumed 
to start at a point where the steep slope (S. = 0.547) joins an upstream part — 


Sur 
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on a mild slope (S, = 0.001)'so that critical flow would obtain at the junction 
and no air entrainment or wave patterns would result at the entrance. The 
assumed entrance conditions are shown in profile in F ig. 30(0). 

In any prismatic channel it is not necessary to use the trial-and-error method 
indicated by Mr. Hall's explanation of Eq. 27. A far simpler method whereby 
the distance between assumed depths may be computed directly has been 
outlined by the writer in another connection. The credit for the basis of. 
this method must go to Alva G. Husted.) Referring to Fig. 30(a), it is 
obvious that 


2 
a + cos + Cast = 2 + y2.003 0 + Cas? + AL cos 6 tan ¢. .(69) 


FACE PROFILE IN STEEP CHUTE 


slope angle, ¢, between adjacent stations; Col. 14 = sine of bed-slope angle minus the quantities in Col. 13; Col. 15, 
= Col. 6 + Col. 2; Col. 19, from Fig. 28(a) for kineticities in Col. 18; Col. 20, from Fig. 28(b) for percentages in 


Per- 2 : 
- Mix- | Mix- Hy- ‘ 
Kinet- | cent- Man- OA 4 Mixture | Water 
Sta- rar Mm : ture ture | draulic 7 1.486 ; 
Aew | AL ¢ icity |ageof| — ning tere (Rm P/3(S) 1/2) — velocity | depth 
tion ke ae ter Tew ee oe a x I adi ua Tim Vn ae 
~ (15) | (16) } (17) (18) -| (19) | (20) | (21) | (22) | (23) (24) (25) (26) (27) (1) 
0+00/ 0.6 | 100 | 1.0 | 0.0120] 63.0 | 7.87 | 2.69 0.128 1124 15.87 | 7.87 
1.67} 3.1 
z 0+03/ 1.4 | 100 | 1.0 | 0.0120] 48.0 | 6.00 | 2.40 0.168 |124 | 20.83 | 6.00 
231.) 4.3 
; 0+07|/ 2.5 | 100 | 1.0 | 0.0120] 40.0 | 5.00 | 2.22 0.202 |124 | 25.0 5.00 
4,87| 9.3 
0+17| 48 | 100 | 1.0 | 0.0120} 32.0 | 4.00 | 2.00 0.252 |124 | 31.2 4.00 
11.56 | 23.2 
0+40] 11.3 |~ 96 | 1.02 | 0.0121] 25.0 | 3.12 | 1.75 0.340 |123 | 41.8 3.00 
12.23 | 26.6. 5 . 2 
Z 0+57| 19.6 | 88 | 1.09 | 0.0131 | 24.1 |.3.01 | 1.72 0.435 [113 | 48.1 2.5 
22.48 | 57.4 
Se iteee4| 38.3 |) 7211.18 | 0,0142)| 22.2 | 2.77) 1.64 0.572 |105 | 60.0 2.0 
14.93 | 48.0 
1+72} 52.6 | 66 | 1.24 | 0.0149 | 21.9 | 2.74 | 1.61 0.667 | 99.8] 66.6 1.8 
9.32 | 37.4 
-° 2+09| 62.2 | 63 | 1.28 | 0.0154] 21.6 | 2.70 | 1.61 6.726 | 96.5] 70.9 1.7 
11.52 | 58.0 
ae 2+67| 74.6 | 59 | 1.33 | 0.0160 | 21.7 | 2.71 | 1.61 0.794 | 92.9] 73.7 1.6 
_ oc 3+05] 81.7 | 57-| 1.35 | 0.0162 | 21.8 | 2.72 | 1.62 0.831 | 91.7] 76.2 1.55 
ae 3+65| 90.2 | 54 | 1.40 | 00168 | 22.2 | 2.78 | 1.64 0.884 | 88.5] 78.2 1.50 
a? oo 4456] 100 52 | 1.42 | 0.0170 | 22.3 | 2.79 | 1.64 0.931 | 87.5] 81.4 1.45 
. “es 6+37| 111 49 | 1.47 | 0.0177 | 22.9 | 2.86 | 1.66 0.986 | 84.0] 82.8 1.40 
ae 6+92| 112 49 | 1.47 | 0.0178 | 22.8 | 2.85 | 1.66 0.995 | 83.5] 83.0 1.39 
| 7+79| 115 48 | 1.49 | 0.0179 | 23.0 | 2.88 | 1.67 1.01 83.0| 83.8 1.38 
80-0 9+59] 119 47 | 1.50 | 0.0180 | 23.4 | 2.92 | 1.69 1.03 82.5] 84.9 eek 
is iesivee 
. in 6: = ; a} and solve for 
Obviously, z1 — z2 = Lsin 0; lete = ycos@ + (Oe 9s substitute, 
= — Ae 
; Wie aa aaa Se eee) 
cos 8 tan @ — sin#é fe = 208 Oy 
° © ‘e08 b 


wee 


40 Transactions, Am. Soc. C. E., Vol. 102 (1937), p. 666. 
41 Engineering News-Record, April 24, 1925, p. 719. 
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in which S, = sine of the angle of channel-bed slope; S = sine of the angle of 
friction slope; e = specific energy head, referred to the bed of the channel; and 
Ae is the change in the specific energy head of a unit weight of water. 

On steep slopes the specific energy head increases downstream and there- 
fore is considered negative in the direction of flow. The coefficient C, is 
necessary to convert the kinetic energy of a unit weight of water having the 
mean velocity of the stream to the mean kinetic energy of a unit weight. #8 
For the case in hand, although it probably represents an unnecessary refine- 
ment, a coefficient of 1.05 was applied uniformly to the velocity head of the 
mean velocity to obtain the mean velocity head. 
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Fig. 31.—FiLow CHARACTERISTICS FOR A Stepp CHUTE 


For this example the channel width is 8 ft; the sides are assumed high enough 
to contain the mixture; and the roughness coefficient (Manning) was taken to 
be n = 0.012. The sine of the bed slope is 0.547 and the cosine is 0.837. 

Table 17 shows the computations. The initial depth of 7.87 ft is that 
corresponding to 1,000 cu ft per sec in a channel 8 ft wide at the Bélanger 
critical flow: 


Additional explanations are given in Table 17. In Fig. 31 the quantities in 
Table 1%, Cols. 1, 5, 10, 21, 23, and 27, are plotted against the stations in Col. 17. 
Insufflation begins at Station 0+25, at which point the water and mixture 


depths begin to separate. It appears that the terminal velocities of both water 
Belo ; are a ; : 
nes oe pac Cra an ee eer osge P. O’Brien and G. H. Hickox, McGraw-Hill Book Co., 


43 “Velocity Head Correction for Hyd: i if Bri 
Pe Nose here ie ye ee by Morrough P. O’Brien and Joe W. Johnson, 
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and the mixture virtually were reached at Station 9+59. The friction slope 
is asymptotic to the bed slope, and, as it approaches closer and closer to the 
bed slope, the flow begins to pulsate. If the chute were indefinitely long, the 
flow at the end undoubtedly would occur in a series of waves, because there 
scarcely can be an exact balance between the accelerating and retarding forces, 
in such cases. 

A decided difference in the velocity of the water and that of the mixture 
can be obtained by calculation in this manner. At Station 9+59 the velocity 
of the mixture was 7% less than that of the water. Some such difference 
probably occurs, but this can be demonstrated only in the laboratory. 

In applying these data to the design of a stilling basin, one should disregard 
the air in the mixture and base the design solely on the water depth and its 
terminal velocity. 

This study indicates that the retarding effect of insufflation logically can 
be accounted for by increasing the roughness factor. The curve of increase is 
shown in Fig. 31. 
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ILLINOIS WATER LITIGATION, 1940-1941 


Discussion 


By WILLEM RUDOLBs, M. AM. Soc. C. E. 


Wittem Rvupoturs,? M. Am. Soc. C. E.**—Experience revealed by the 
Illinois Water Litigation in 1940 and 1941 touches three questions of general 
interest on which more information is needed: 


(1) What is the minimum dissolved oxygen required to prevent odor 
nuisances? 

(2) What is the B.O.D. of sludge on prolonged storage? 

(3) How long does deposited sludge exert an influence on the overlying 
water? 


Odor nuisances in polluted streams are primarily of two types: Those musty 
odors related to sewage and sewage effluents, frequently modified by industrial 
wastes; and the putrid odors (mainly hydrogen sulfide) associated with actively 
decomposing organic matter. The latter odors are the most objectionable and 
cause nuisances most frequently, although the former may be disagreeable. 
Active decomposition of deposited sludge proceeds whether or not the over- 
lying water contains dissolved oxygen. Anaerobic decomposition—and hence 
gas formation—increases with higher temperatures, resulting in greater activity 
during summer than winter. The increased biological activity causes the 
deposited sludge to become gas laden and the sludge rises to the surface in the 
form of “islands” or is distributed through the overlying water. Under these 
conditions the available oxygen in the water is used up quickly. 


Water containing considerable quantities of oxygen but flowing rapidly over ° 


actively digesting sludge banks may be deprived only partly of the available 
oxygen while gas bubbles escape from the surface. Results obtained have 
shown that the water may have a dissolved oxygen saturation of 25% or more 
with appreciable H2S odors present. In sluggish streams the oxygen nearly 
always is exhausted when odors are present. It is clear, therefore, that the 


Grtan- ar € ; ; 
Norz.—This paper by Langdon Pearse, M. Am. Soc. C. E., was published in December, 1942, 


Proceedings. 
~ - Chf., Dept. of Water and Sewage Research, New Jersey Agri. Experiment Station, New Brunswick, 


8a Received by the Secretary March 24, 1943. 
772 


PAF 2s 


May, 1943 RUDOLFS ON ILLINOIS LITIGATION 773 


minimum of dissolved oxygen necessary to prevent odors in thé presence of 
sludge deposits will vary with the character of the stream and the type and 
quantity of sludge present. 

In the absence of sludge deposits, the odors produced come from organic 
materials in solution or suspension during the course of their decomposition. 
The gases formed may go into solution or may be released in tiny bubbles. As 
long as a minimum of dissolved oxygen is present in the water, gross odor 
nuisances will be prevented. The minimum amount of oxygen required will 
vary, but the minimum of 1 ppm given by Mr. Mohlman in his testimony prob- 
ably will suffice in most cases when no sludge deposits are present. 

The B.O.D. of sludge is reduced comparatively rapidly during the first nine 
months of storage. Thereafter the rate of reduction decreases, and finally the 
material becomes stabilized. Some results obtained from long-time experi- 
ments on three types of sewage will illustrate the changes: 


1. Fresh solids, material subjected to anaerobic digestion, not disturbed 
except when samples were taken for analysis; 

2. Fresh solids, material subjected to anaerobic digestion, and the super- 
natant removed at intervals; and ; 

3. Digested sludge, material previously digested anaerobically for a period 
of ten years. 


The sludges used in the experiments were under observation for a period of from 
six to sixteen years. 

* The concentration of the sludges at the beginning and after 2,195 days were 
as listed in Table 9, Cols. 1 and 2. Values in Cols. 3 and 4 indicate the rela- 


TABLE 9.—Lone-Tims EXPERIMENTS WITH SEWAGE SLUDGE 


FResH Souips, Sussectep To ANAEROBIC DIGESTION Diaestep SLUDGE 
(c) Preyiousty DieEstEp 
(a) UNDISTURBED (6) SuppRNATANT REMOVED Saya iar WARE 


B.O.D. B.O.D. BOD! 
Days 
- Milli- Vola- Milli- Vola- Milli- 
Total ae Parts |grams per] Total| tile | Parts |grams per] Total] tile Parts |grams per 
solids| mat-| per gram of solids mat- nee ee c sais ake aes gram = 
ter |million] volatile | (% ter | million} volatile 0 
es (%) matter (%) matter (% matter 


(1) | @) (3) (4) @) | @ (3) (4) (1) (2) (3) (4) 


0 1.80 | 1.31 | 7,060 537 1.82 | 1.33 | 7,000 526 3.54 | 3.52 | 2,400 ie 2 
HAOOO) | epics ill ams - 295 90 Aone lore 235 94 Spl teed bea si 
2/195 0.65 | 0.24 210 89 0.54 | 0.21 50 24 1.41 3 : 


Ee ee eSSSSSsSsSSsSsSSvvawwvwvw§ww{\\[\[[“[T[—." 


tively rapid rate of B.O.D. reduction and the demand on the stream which may 
be expected over a long period. 

After sixteen years of digestion the unit B.O.D. of the volatile matter 
remaining is the same as after six years. The sludge residue has become 
stabilized, but it still exerts an influence on the overlying water as indicated by 
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the further reduction of B.O.D. when the supernatant liquor is removed period- 
ically (see Cols. 4, Table 9). The washing-out effect may be considered similar 
to the condition ina stream. The quantity of volatile matter remaining in the 
washed material is only slightly less, but the degree of stabilization is greater, 
than when the sludge is stored; hence, there is a continuous effect of the sludge 
on the overlying water. 

Summarizing, it appears that: 


1. Odor nuisances may be caused when actively decomposing sludge is 
present, even when several parts per million of oxygen are available in the 
stream; 

2. In the absence of actively decomposing sludge, a minimum of oxygen 
must be present to prevent odor nuisances; 

3. Stabilization of sludge requires a number of years; and 

4. Even so-called “‘stabilized’”’ sludge has a B.O.D. and exerts its influence 
on a stream. The magnitude of the effect is reduced steadily. 
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PHYSICAL PROPERTIES THAT AFFECT THE 
BEHAVIOR OF STRUCTURAL MEMBERS 


Discussion 


BY ‘ALB OKINZEL,- Eso; 


A. B. KinzxE,”° Esq.?°*—The scope of this paper is very broad, and Professor 
Wilson is to be congratulated both for the conciseness of his treatment and for 
the closeness of his reasoning. In treating so broad a subject, general ter- 
minology is necessary. In fact, the terms used are so all-inclusive that they 
frequently are not defined with sufficient completeness. An unconscious change 
in breadth of a term may lead to unwarranted conclusions. 

Because of this method of approach, there is a strong tendency in the paper 
to reach conclusions that are ultraconservative and give rise to implications 
which are even moreso. Various engineering codes have proved to be effective. 
These codes have been prepared by conservative engineers, but do not engender 
the feeling, present in Professor Wilson’s paper, that welding, cutting, riveting 
(under some conditions), and low-alloy steels are to be applied only with fear 
and trepidation. Certainly there is sufficient experience to indicate that, as in 
most engineering problems, there need be no such feeling after application of 
intelligent judgment. As the paper is reasoned very concisely, discussion of it 
requires considerable detail and close following of the text. 

One of Professor Wilson’s first pleas is for more information on strain-aging 

~ embrittlement of carbon and low-alloy steels. It has been well demonstrated 
that fully killed steels—either the silicon or aluminum types—are not subject 
_to this phenomenon. This fact removes a very large part of steel from con- 
sideration. Most of the low-alloy steel is fully killed. As to those steels which 
are not fully killed and may or may not exhibit strain aging, it should be stated 
that forming, punching, drilling, and similar processes used in general construc- 
_ tion, and particularly in preparation for riveting, produce more than sufficient 
strain to cause the phenomenon, and such strain is set up at points of high stress 
concentration. Nevertheless, as Professor Wilson well demonstrates, experi- 


Norz.—This paper by Wilbur M. Wilson, M. Am. Soc. C. E., was published in December, 1942, 
Proceedings. THeaeeion ee, this paper has appeared in Proceedings, as follows: March, 1943, by Jonathan 


Jones, M. Am. Soc. C. E 2 
20 Chf. Metallurgist, Union Carbide and Carbon Research Laboratories, New York, N. Y. 


20a Received by the Secretary April 2, 1943, 
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ence justifies the conclusion that such steels are suitable for structural purposes 
after fabrication by riveting. Although one must be in accord with any plea 
for more information on any subject, it would seem that there is no need for the 
implication that further information on strain-age characteristics is needed. 
vitally for immediate engineering use. 

The author then discusses welding and oxygen cutting and very rightly 
stresses the importance of surface irregularities or other stress raisers. Here 
again the matter of degree must be considered carefully. An ordinary sheared 
edge very frequently contains surface irregularities in the form of notches, and 
even minute cracks, which may be far more deleterious to fatigue strength 
than the broader, less sharp irregularities resulting from cutting or welding. 
In the discussion of the application of these processes to low-alloy steels, it is 
stated (see heading, ““‘Why Ductility Is Necessary: Hazards of Fabrication and 
Erection (Item (1)) (c)’’) that, if the proper procedure is not followed, the 
resulting member may be “‘much more unsafe.’’ The use of this phrase is 
typical of the kind of implication to which many engineers may object. It is” 
necessary to consider low-alloy steels. One category of such steels, broadly 
characterized by having less than 0.14% carbon and a tensile strength of some 
75,000 lb per sq in., shows ductility in the heat-affected zone not dissimilar to 
that of plain very low-carbon steels and very much greater than that of plain, 
medium-carbon steels. Professor Wilson’s statement obviously is not intended 
to apply to that group. The other group, with tensile strength approaching 
90,000 lb per sq in. or more, generally contains more carbon and does exhibit 
reduction in ductility caused by the heat cycle of normal cutting or welding. 
By following the proper procedure, particularly with the addition of pre-heating 
or post-heating by torch or otherwise, the reduction in ductility becomes a minor 
matter. The same applies to the incidental welding, but here still another 
factor enters the situation. Damage due to such incidental welding of a small 
piece to a large member or cutting a handhole in the web of a channel may 
produce very serious conditions, primarily because of the internal stress result- 
ing from the operation, and this is of the same order of magnitude even when 
low-carbon steels are considered. Moreover, local stress due to riveting a 
bracket in place likewise may reach high levels. Thus, although the writer is in 
accord with the author’s word of caution, it would not appear that the entire 
subject is one for major alarm nor that the need for proper procedure and 
competent supervision in such operations is restricted to welding or cutting. 

Regarding the matter of uneven stress distribution produced by fabrication, 
it is regrettable that Professor Wilson has not included riveting as a source of 
uneven stress distribution. Again, with respect to the measurements of in- 
ternal stress due to producing a structural column by welding, it should be 
emphasized that similar measurements made on rolled members show that 


; 


internal stress in rolled members likewise reaches the yield point. Stress dis- 
tribution well may be different, and, for that reason, welded members must be — 


considered very carefully from the standpoint of locked-up stresses; but, to 
reach such a conclusion, requires much more knowledge than the simple fact 
that internal stresses of yield-point magnitude do exist. The effect of the heat- 
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affected zone is mentioned in this connection together with the conclusion that 
the difference between zones affected and not affected by heat would not be 
great for A7 steel. Neither would the difference be great for any other struc- 
tural steel delivered for use in the as-rolled or normalized condition. 

_ Regarding deformation at the yield point to equalize local stress concentra- 
tion, the statement (see heading, “Why Ductility Is Necessary: Errors in 
Workmanship (Item (8)) (B)’’) is made that it does not seriously injure ‘‘carbon 
and some low-alloy steels’ and the writer is at a loss to know just why “all” 
low-alloy steels were not included with ‘all’? low-carbon steels or “some” low- 
carbon steels not included with “some” low-alloy steels. This wording again 
illustrates the matter of unfortunate implication. Actually from the stand- 
point of the structure, when deformation does occur, stresses are relieved, and 
the structure is in a highly desirable condition. The danger appears when 
deformation does not occur at all because of three-dimensional stress conditions. 
Also, damage is imminent when, because of stress concéntration, total deforma- 
tion must take place over an extremely limited zone and the percentage elonga- 
tion not only exceeds the yield point deformation but goes on to approach 
deformation corresponding to the ultimate strength of the material. 

In setting up the general solution of the problem, the author cites design 
first and material second and asks for material which will provide the very 
greatest possible shock-absorbing capacity. Particularly apt is his emphasis 
on the fact that shock-absorbing capacity of a member depends as much upon 
the geometrical characteristics of the member as upon the ductility of the 
material. This matter of geometry deserves to be emphasized, as it is the es- 
sence of the attack on limitation of ductility by three-dimensional stress which 
probably has been the most potent factor in such few service failures as have 
occurred. In this connection, suspension-bridge wires and eyebars are exam- 
ples of uniform stress distribution. In these cases there is almost pure tension 
—that is, almost complete absence of the three-dimensional effect—and these 
members pointedly emphasize the need for geometry because of three-dimen- 
sional stress effects as well as stress uniformity. 

Referring to the section on fatigue failure, although it is true that the fatigue 
strength of a structural member does not increase necessarily with the static 
strength of the steel from which it is fabricated, it is likewise true that, given 
reasonable surface conditions and geometry, fatigue strength does increase with 
the static strength in most instances. It is stated that there is little reason to 
fear fatigue failure in riveted trusses or other members subjected to relatively 
few repetitions of the maximum design stress; and it also is stated that there is 
not enough experience to make the same statement regarding welded members 
in carbon steel or any members in low-alloy steel. Just how much experience 
would be necessary for such a statement is a matter of opinion, but it is highly 
significant that, among the few bridge failures which have taken place in the 
hundreds of welded bridges, particularly abroad, no one of them has been 
reported as a fatigue failure. A statement is made regarding a large number of 
repetitions of design stress which would produce fatigue failures in riveted 
carbon-steel members. The author also states that were these details made of 
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low-alloy steels, “similar fatigue failures might be expected”; but the prob- 
abilities would be definitely less as the basic fatigue strength of the higher 
tensile low-alloy steels is higher than that of the structural carbon steels. 

The summary and conclusions of the paper are naturally open to the same 
type of arguments as the foregoing. For example, in conclusion (2), it is stated 
that deformation stresses above the yield point will not reduce the load-carrying 
capacity of the member appreciably unless the member is made of a steel sub- 
ject to age embrittlement. There is no evidence to indicate that, even if the 
member is subject to age embrittlement, its load-carrying capacity will be 
reduced by local yielding. In the case of some designs that well may be so. 
In the case of others, it is not true. It should be remembered that strain-aging 
embrittlement does not reduce pure tensile impact resistance unless the veloci- 
ties reach the order of magnitude involved in ballistics. The fact that a speci- 
men of steel which shows strain-aging embrittlement under notched impact 
tests will not show loss of ductility in a straight tension impact test should be 
emphasized and again gives weight to the author’s plea for good geometry. 

As for conclusion (5), it is unfortunate that, in view of all the arguments 
presented by Professor Wilson, riveting has not been included with oxygen 
cutting and welding among those processes which should be used only under the 
most careful and enlightened supervision. The statement as given applies to 


any fabrication operation.. The need for supervision and control in welding ~ 


operations is stated well in the various codes, and it certainly seems unnecessary 
to single these operations out from all the others. This is particularly true of 
cutting where the condition of the surface in general is much better than that 
generally obtained by shearing and where, in addition, such effects as may be 
produced are so close to the surface that a stress of appreciable magnitude in 
the third dimension cannot exist. It also seems to be unnecessary in view of 
the really vast experience with oxygen-cut members. 

Welding and cutting are not as old in the art as riveting but rapidly are 
approaching a mature age. They may be misapplied just as any process may 
be misapplied, but the fact that there are no hidden menaces involved already 


has been well established by experience. Low-alloy steels are even newer in 


— 


this picture, but they have been used commercially on an appreciable scale for 
well over a decade. Thousands of freight cars bear witness to their adequacy. — 
Good engineering judgment should be applied to their selection and use. Struc-_ 


tures built in accordance with such engineering judgment and existing codes 
are performing satisfactorily, and the engineers responsible for such structures 
need not be too disturbed by the possible existence of phenomena which are 
understood fairly well, even though, in some instances, these phenomena have 
not been measured quantitatively. 
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EFFECT OF TURBULENCE ON SEDIMENTATION 


Discussion 


By JOHN S. McNown, JuN. Am. Soc. C. E. 


Joun S. McNown,? Jun. Am. Soc. C. E.5*—It is a real pleasure to find an 
engineer who is both willing and able to carry through a difficult mathematical 
analysis of the type presented in this paper. The study of turbulence and 
sedimentation is an outstanding example of that unfortunately small phase of 
engineering in which a theoretical analysis leads to a complete solution. 
Despite the necessary simplifying assumptions and the tedium of the numerical 
computations, this approach doubtless will prove more valuable than empirical 
results from experimental data. Engineers must resort continually to empirical 
or trial-and-error methods, but scientific advancement must include satisfactory 
theoretical treatments. 

As in so many physical problems, the definition and application of the proper 
boundary conditions present the most difficult part of this solution. The 
surface and bottom boundary conditions for combined liquid and solid motion 
are not only difficult to apply, but also difficult to predetermine. The surface 
conditions may be approximated by a plane surface with zero turbulence. 
However, as the author states, this condition is not accurate as the surface is 
generally irregular. Measurements of open-channel flow conducted by the 
' writer at the St. Anthony Falls Hydraulic Laboratory at the University of 
Minnesota gave evidence of. a turbulent velocity near the surface which was 
not small compared to turbulent velocities in other parts of the channel. In 
one instance the vertical component of the turbulent velocity in the upper 
1% of the depth was as much as half the maximum vertical turbulence velocity 
occurring at the lower one-quarter point. The turbulent diffusion coefficient 
decreased near the surface because the mixing length decreased. Neverthe- 
less, the concept of a zero turbulence coefficient at the surface does not agree 
with the physical picture of turbulent open-channel flow. 


Norz.—This paper by William E. Dobbins, Jun. Am. Soc, C. E., was published in February, 1943, 
Proceedings. eitoneson en this paper has appeared in Proceedings, as follows: April, 1948, by A. M. 


Gaudin, Esq. i 
5 Research Associate, Div. of War Research, Univ. of California, San Diego, Calif. 


5a Received by the Secretary March 29, 1943. 
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The artificial bottom conditions introduced by the author served nicely in 
furnishing a boundary condition that could be evaluated in the solution. For 
sediment transportation in open channels the accurate evaluation of this 
boundary condition provides the principal stumbling block to a solution of this 
troublesome problem. The relationships between bed load, suspended load, 
and the flow characteristics are dependent on this condition primarily. 

The differential equation for this problem (Eq. 146) is incomplete as 


witnessed by the lack of symmetry in x and y. The term, oe a, should be 


added to the right-hand side of the equation. The derivation of Eq. 140 
through the rather involved relationships expressed in Eq. 14a and Fig. 1 is 
less direct and, hence, more subject to errors of omission than a vector presenta- 
tion of the same equations. Further simplification is obtained by expressing 
the relationships in two fundamental equations—the general expression for the 
current or transport in a turbulent medium and the equation of continuity. 
The vector current, q (of sediment in this case), is the vector sum of the field 
velocity, u, times the concentration; and the turbulent diffusion which is 
the product of the gradient of the concentration and the coefficient of diffusion. 
Thus, in vector-operator form, 


GQ UG) 6 ATA Ceo ois os e's hs st (42) 


The equation of continuity is expressed by equating the divergence of the 
current at any point to the rate of decrease of concentration with time, thus: 


divas = Soot ine [in oaeeaeeta eset (43) 
If the divergence of Eq. 42 is taken, the resulting expression is 
div q = div (uc) — div (e grad c) 
or, 
Vq =u (Ve) :—iV(6Ve)s, 288 kM eee ee (44) 


if u is considered to be a constant. Combining Eq. 43 and Eq. 44 and per- 
forming the indicated operations for a two-dimensional problem, the equation 
TAY, be written as follows: 


0c = dc Oc , d€z Oc Oe, OC 0c 
— Gx Tos pyre ae ae By dy Tax shee apa ° . (45a) 


The velocities uz and uy are the components of the field velocity tending to — 
move the sediment continuously in the z-direction and y-direction. In the 
author’s notation they are V, the stream velocity, and — w, the settling — 


velocity, respectively. In the steady-state problem “ = 0. The final Be 


May, 1943 MCNOWN ON TURBULENCE AND SEDIMENTATION 781 


tion to be compared with Eq. 140 is, 


Oe) 0¢ ..0€2 06 , Oey, 0c 0°c 0°c 
The only difference between Eqs. 146 and 45d is the added term See 2 , as 
x Ox 


pointed out inthe foregoing. Admittedly, the variation of € with x is not 
important in the problem under consideration, and would introduce no change 
in the simplified form, Eq. 176. This derivation and the correction have been 
presented to give complete generality to the basic equation, so far as intended, 
and to show the nicety of the vector-operator derivation. 

Unfortunately, this problem entails a long and involved mathematical 
solution, even after a number of simplifying assumptions. The complications 
of the boundary conditions and parameter variations in most practical problems 
are formidable. In many cases some simplifications of the numerical computa- 
tions would be justifiable, particularly if the boundary conditions and the 
parameter values were not determined accurately. The solution of Eq. 30 
may be simplified for small values of ue . The first value of a could be 
determined by trial and error or graphically, and all others could be approxi- 
mated by the relationship, 


with n taking the values of 1, 2, 3, --- as far as required. The discrepancy 
between this simplified solution and that used by the author was compared by 
the writer in a similar set of computations and found to be only a few per cent. 

The author has not mentioned direct measurements of the settling velocity 
of the particles. Such measurements would give a further check on the degree 
of accuracy of the results. The values computed from predetermined coefli- 
cients may be sufficiently accurate, but the opportunity for the direct measure- 
ment of a critical parameter, such as the settling velocity, should be taken 
wherever possible. The use of an arithmetic mean value of the settling 
velocities for values of w ranging from 0.150 cm per sec to 0.344 cm per sec is 
of doubtful accuracy. This range of more than a factor of two becomes mag- 
nified for large time values because of the nature of the equation. The con- 
centration of smaller particles after a comparatively long time may well have 
been many times greater than the concentration of the larger particles. Any 
information on such a change in the statistical spread of the various sizes would 
be interesting in this connection. It is difficult to observe in the author's 
results whether this or other effects introduced errors into the computations at 
large values of the time variable. A semilogarithmic plot for Fig. 7 and Fig. 11 
(as in Fig. 8) would enable the reader to compare the theoretical curves with 

the plotted points more readily. dr x 

An interesting by-product of this experiment is the indirect determination 


of turbulence parameters. The data available serve to evaluate the turbulence 


| 
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diffusion coefficient, e«. From the data at the bottom of Fig. 7 and Fig. 11 and 
the settling velocity, w = 0.264 cm per sec, e can be computed. In the two 
instances presented € = 8.8 and 4.1cm persec. The comparison between these 
values and the quantities which determine the mixing length and the root-mean- 
square turbulent velocity might be of interest. The grid spacing, the vertical 
displacement, and the velocity of the lattice structure are the values most 
likely to be effective in determining e. In a simplified form this type of experi- 
ment could be used to study the effect of the mechanical motion on the scale of 
turbulence. The determination of the concentration of sediment at various 
levels could be compared with the steady-state Eq. 5a. Good agreement with 


this equation would furnish a constant value of e. A lack of agreement could 


be analyzed from the‘standpoint of a variable e. 
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THE QUEENS MIDTOWN TUNNEL 


Discussion 


By MEssrs. THOMAS W. FLUHR, AND HowARD L. KING 


Tuomas W. Fuvuur,’ Assoc, M. Am. Soc. C. E.7*—Attention is called in 
this paper to the difficulties of tunnel work beneath the East River as con- 
trasted with those beneath the Hudson River. This results from fundamental 
geological differences in the two places. 

A gorge, which at some points reaches depths of 300 ft or more below sea 
level, has been eroded in the bedrock beneath the Hudson River so that, ex- 
cept at the shores, rock lies too deep to affect tunnels of this type. The gorge 
is filled partly with glacial deposits above which there is a considerable thick- 
ness of plastic river silt. A shield penetrating the silt can be bulkheaded off 

_and “shoved blind,’’ displacing most of the silt in its course and allowing only 
a small amount to enter the tunnel. 

In the East River, on the contrary, erosion has not cut so deeply into the 
bedrock. Moreover, there are several varieties of rock present, differing in 
hardness and in resistance to erosion. On the Manhattan side of the river 
there is a hard schist and, on the Queens side, a hard gneiss. A ridge of gneiss 
also occupies the center of the river, forming, where it reaches the surface, 
Welfare Island and its associated reefs. The east and west channels of the 

_ river are underlain by softer and more easily eroded limestone. In addition 
to these differences, faulting has produced weakened zones along which ero- 
sion has occurred. Hence the elevation of the rock floor varies so that at 

tunnel level the excavation passed alternately through hard rock, soft rock, 
mixed ground, and soft ground. 

Moreover the overburden in the East River, in contrast to that of the 
Hudson River, consists largely of compact glacial deposits together with some 
artificial fill, necessitating complete excavation and breasting before each shove 
of the shield. Thus progress in East River tunnels is slower and more costly 
than in‘ Hudson River tunnels. 

As an interesting side light, it may be noted that originally it was pro- 
posed to locate the Manhattan ventilation shaft and building close to the 
Nom.—This paper by Ole Singstad, M. Am. Soc. C. E., was published in March, 1943, Proceedings. 

7Eng. Geologist, New York, N. Y. 


7a Received by the Secretary March 29, 1943. 
783 


784 KING ON QUEENS TUNNEL Discussions 


Manhattan bulkhead. A zone of soft rock, resulting from decay along a fault 
(see Fig. 11A), was discovered by test borings. In consequence the shaft and 
building were shifted to a point farther west where the tunnel curves to the 
south, thus skewing the building in reference to the street system and building 
lines. In order to avoid the incongruity of a rectangular building at a skew 
to existing structures, the architect modified the original building design, 
which resulted in its rather unusual octagonal form. 


Howarp L. Kina,’ M. Am. Soc. C. E.8*—An invaluable record of a great 
achievement in design and construction is presented in this paper. Its value 
is emphasized by the regrettable fact that the Society has published no similar 
report on the Holland Tunnel or the Lincoln Tunnel. 

The paper bears witness to the thoroughness and wise forethought that 
characterized all matters of design. The record of construction is not as 
complete as it might advantageously have been, but this lack is offset by the 
excellent longitudinal sections showing progress on the underriver section. 

The author points out the difficulty of making the light tunnel iron perfectly 
watertight and attributes this leakage in part, at least, to the fact that the 
exterior material had no tendency to silt up any small spaces between the 
abutting iron flanges. The use of a machine is suggested to tighten the bolts 
in the light iron and thus to reduce the chance of crevices. Another proposal 
might prove more effective—to supply an outside material that will choke up 
the crevices. . 

Light iron is used where the tunnel is located in weak and wet rock. The 
excavated tunnel is necessarily irregular and is likely to be a foot or more 
larger than the iron diameter. The annular space between the exterior of the 
iron and the irregular surface of the excavation is backfilled with half-inch 
gravel and with portland cement grout or with grout alone. This grout is 
ejected at a moderate pressure through the tunnel lining; it contains much 
water; and probably, when it sets, it shrinks and cracks, providing excellent 
channels for seepage water to follow and to reach the lining. It would not 
be practicable to regrout with a thin neat cement grout to fill these cracks, 
using perhaps 500-lb pressure, because such a pressure might crack the iron. 

It would be of interest to experiment with backfill of a soft plastic material, 
such as Hudson River silt or a clay that is free of stones. Probably the 
material should be delivered in the tunnel in dry, powdered shape. Then it 
would ‘be mixed in the grout machine to a liquid mass whose water content 
would be just on the wet side of the liquid limit, and finally the material 
would be forced through a hose in the same manner as grout. Once outside the 
tunnel the clay fill would crack if it dried, but, if the section were a wet one, 
it would remain wet and should act as an effective waterproofing. Perhaps a 
small admixture of bentonite would be of value. 


’ Chf. Engr., Mason & Hanger Co., Inc., New York, N. Y. 
8a Received by the Secretary April 20, 1943. 
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ABRATION.OF-SPILLWAYS 


Discussion 


By J. W. Howe, Assoc. M. Am. Soc. C. E., AND CLAUD C. LOMAX, 
JRG JUNCAM. Soc:-C. E. 


J. W. Howe,’ Assoc. M. Am. Soc. C. E., anp Ciaup C. Lomax, Jr.,® 
_Jun. Am. Soc. C. E.8*—A practical problem which long has been neglected is 
comprehensively discussed in this paper. Also, the serious overload that can 
be produced by insufficient aeration of a gate or spillway is emphasized. 
The material presented should be welcome indeed to designers who must 
provide aeration ports in hydraulic structures. 


Fria. 13.—Vinw or ExperimMeNnTaL WEIR 


.—Thi by G. H. Hickox, M. Am. Soc. C. E., was published in December, 1942, Proceedings. 
Disctuion on ele ao ha appeared in Proceedings, as follows: March, 1943, by Joe W. Johnson, Assoc. 


M. Am. Soc. C. E. . , 
7 Prof. and Head, Mechanics and Hydraulics Dept., State Univ. of Iowa, Iowa City, Iowa. 


8 Ensign, U. 8S. Naval Reserve, David Taylor Model Basin, Washington, D. C. 
se}Received by the Secretary April 6, 1943. 
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Several years ago a rectangular weir in the laboratory of the Towa Institute 

of Hydraulic Research at Iowa City was found to have an inconsistent head- 
discharge relation. Edward Soucek, Assoc. M. Am. Soc. C. E., believed this 


behavior was due to insufficient aeration, and later proved his point by enlarging 
the aeration ports, thereby obtaining 


TABLE 6.—TRANSFORMATIONS OF a consistent relation between head 
AuTHoR’s DATA and discharge. Remembering this 
incident, the writers undertook an 
VaLuEs TAKEN FROM CompuTep VALUES investigation of the effect of insuffi- 
Fra. 10 ; ‘ : 
A cient aeration upon the discharge 
+. 9 
p|Ho Holl’ pil’ H/H’ over a weir. 
Rami Arrangements were made to 
0.007 0.9995 0.0070 0.0015 : 
0.01 0.998 0.0100 0.002 measure, by means of small orifices, 
0.02 0.996 0.0199 0.004 SE 
0.03 0.994 0.0298 0.006 the air requirements of a 2.5-ft rec- 
.04 (993 0.0397 0.007 ; : 
0.05 O90L 0.0496 0.009 tangular suppressed weir 1.67 ft high 
0.07 0.988 0.0692 0.012 F . 
0.10 0.084 0.0984 0,016 whose discharge could be determined 
0. 972 0.1944 Y . : 
0.30 0.998 0.288 0.042 from ee calibrated oe 
: 9 ; f 
0:50 0.937 rah 0-068 sources. o attempt was made to 
0.60 0.928 0.557 0.072 prevent the return of air to the 
0.80 0.912 0.730 0.088 : er 
1.00 0.899 0.899 0.101 underside of the nappe as it dis- 
1.50 0.872 1.309 0.128 ’ . 
2:00 0.852 1.704 0.147 charged freely into the tailwater. 


This procedure was in contrast to 
that followed by Mr. Hickox who 
did not allow air to return to the underside of the nappe. The apparatus 
permitted a variation of discharge between 0.52 and 3.60 cu ft per sec per foot 
of crest, a height of fall between 0.07 
and 1.57 ft, and pressure reductions p 
up to 0.65 ft of water. Aeration was 
varied from none to complete by inter- 
changing entrance orifices of different ViLuus Feomiraet’ 
sizes on the aeration port (see box near Sadat 2) 
center of Fig. 13). The pressure re- 


TABLE 7.—TRANSFORMATIONS OF 
Writers’ Data 


CompuTED VALUES 


duction was limited either by the com- 6B ee 
plete evacuation of the air or by air Bioeaa ae Ses eotg 
breaking through the nappe. 0.0073 | 0.04 0992 | (0.040 
Direct comparison of the author’s else See Poa ete 
and the writers’ results is possible only tered ys ese. oe } 
in the relation of pressure reduction to 0.099 0.75 0.910 0.825 
the consequent change in head, a strik- 0.158 40 0 B47 i 632 


ing agreement existing in this respect. § ———————____"@____1____§j 

The writers used a relation involving : 
AH/H' and p/H’ rather.than H,/H’ and p/H, as used by the author. How- | 
ever, multiplication of p/H. by H./H’ gives p/H’; and AH/H’ equals 1 — H,/H’. 


These transformations (see Tables 6 and 7) permit the comparison shown in | 


®° “The Effect of Aeration Rates upon the Discharge over a Suppressed Weir,” by Claud C. Lomax, Jr 7 
a thesis presented to the State Univ. of Iowa, Iowa City, in 1942, in tial fulfil t of requirements 
for the degree of Master of Science in Hydraulic fogtesring: re Pee ee 
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Fig. 14. The line whose equation is 


_ was located on the basis of the writers’ experiments rather than from the 
, points (encircled) taken from Fig. 10.% 
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Fie. 14.—CHANGE oF Hwap with PRESSURE 


The agreement between the two sets of data is again illustrated by Fig. 15 
in which the writers’ data are plotted on Fig. 10, precise agreement being 
evident up to p/H, = 0.9. This independent evidence substantiates the 
author’s relation between pressure reduction and discharge and emphasizes, 
as well, the importance of adequate aeration in the measurement of water. 
The highest value of p/H’ observed by the writers was 0.9 which caused a 
change AH/H’ of 0.105. A change of this magnitude indicates the possibility 
of an error in discharge computed from the observed head of approximately 


3/2 X 0.105 X 100 = 16%. 


92 Correction for Transactions: In December, 
= 1.2 to 2.0. 


1942, Proceedings, p. 1793, Fig. 10, change the abscissa 
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Although the return of air to the underside of the nappe greatly complicates 
the estimation of air demand, it is commonly encountered in the use of weirs. 
The writers feel that such factors as the discharge, the roughness of the crest, 
the height of fall, the depth of tailwater, the conformation of the bed, and 
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Fie. 15. 


perhaps even the pressure reduction are involved. Some qualitative evidence 
of the influence of certain of these factors was found.’ Empirical expressions 
relating the air discharge, the water discharge, and the height of fall were 
obtained, but these were not dimensionally homogeneous and depended upon — 
the diameter of the air orifice used, making them of doubtful value in another 
situation. The author is reluctant to impute significance to the scattered 
points of Fig. 8, but it is evident that, in general, the data for the 2-ft gate 
show a greater air demand than do those of the 1-ft gate with its shorter 
height of fall. . 
There is still need for considerable study of the air requirements of measuring 
weirs discharging naturally into the tailwater. 
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DISCUSSIONS 


NUMERICAL PROCEDURE FOR COMPUTING 
DEFLECTIONS, MOMENTS, AND 
BUCKLING LOADS 


Discussion | 
By I. OESTERBLOM, M. AM. Soc. C. E. 


I. OrsTeRBLOM,*® M. Am. Soc. C. E.***—The ‘‘numerical procedure,” pre- 
sented by Professor Newmark, for computing a variety of important elements 
in structural design constitutes quite an important tool in the workshop of the 
practicing engineer. Fundamentally there is nothing new in his basic idea, 
but it has taken both vision and a live imagination to see how neglected this 
~ idea was and how extensively it might be put to work. 

As very often is the case, the father of a new method knows his child so 
well that he can describe it only indifferently. Thus it would have added to 
the usefulness of the paper, if the relationship between the differential equa- 
tions referred to in the Synopsis and the new method had been more clearly 
outlined or described. This would have given the reader a better chance to 
generalize and extend the procedure. It also would have helped to make 

reading and understanding easier if there had been fewer: ‘‘* * * the, calcu- 
lations are self-explanatory.” The procedure can be discovered after some 
work; but if new ideas are to be spread and not forgotten they must first be 
promoted. To use an old sales slogan: “‘A new thing will not sell itself; it 

~ requires a good sales talk.” At least one illustration, perhaps two or three, 
should have been explained, point for point, with nothing omitted. Then the 
remainder would have followed easily, and new problems also could have been 
set up by the novice. 

The ultimate service and grace of the method are the same either way, but 

enthusiasm would have been greater if the invitation to a delightful program 


Notz.—This paper by N. M. Newmark, Assoc. M. Am. Soc. C. E., was published in May, 1942, 
Proceedings. Oi uaion ae this paper has appeared in Proceedings, 2s follows: May, 1942, by Bruce 
Johnston, Assoc. M. Am. Soc. C. E.; June, 1942, by M.S. Ketchum, Jr., Assoc. M. Am. Soc. C. E.; Sep- 


1942, M } John B. Wilbur, Ralph W. Stewart, and Stefan J. Fraenkel; October, 1942, by 
oa. ee eaicn Me rem Soc. C. E.; November, 1942, by Camillo Weiss, M. Am. Soc. C. E.; January, 


1943, by Messrs. A. A. Eremin, and 
Am. Soc. C. E 


35 Charleston, W. Va. 
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would have been more convincing. A delightful program it seems to be, if one 
may judge from the many fields to which the method has been extended— 
moments, slopes, deflections, point loads, uniform loads, variable loads, axial 
loads, critical loads, and buckling loads. What more can mere man desire— 
in one single paper! 

The reaction formulas for the variable loadings by Nddai and Southwell are © 
good to have; and better yet it is good to be shown how they may be used to 
advantage by the Newmark method. The buckling formulas and how they 
are to be used are equally interesting. 

The writer has not yet had a chance to apply Professor Newmark’s method 
to any commercial problems, but he can well remember many problems from 
his past experience for which he would have been grateful to have this new ~ 
information; and he feels certain that many of the younger engineers will be ~ 
equally grateful when they are faced with similar problems. 
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